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PREFACE TO THE SECOND ENGLISH EDITION 


This second edition of our Manual of Radioactivity is the fourth version 
of the book', It appeared originally in German (1923), then in English 
translation (1926), then in a revised German edition (1931), and now it 
appears again in English. On each of these occasions we have endeav¬ 
oured to bring the book thoroughly up to date, and to retain its essential 
characteristics. 

Since the publication of the first edition, the need for a general text¬ 
book of radioactivity seems to have increased rather than to have 
diminished, Rutherford’s Radioactive Substances and their Radiations 
was published in 1912, and his later work Radiations from Radioactive 
Substances , published jointly with Chadwick and Ellis in 1930, gives a 
aew and detailed treatment of selected chapters on the physical side 
of the subject only. Meyer and Schweidler’s comprehensive volume 
Uadioaktivitdt was last published (2nd edition) in 1927, and we 
understand that a new edition is not contemplated in the immediate 
future. Mme P. Curie’s extensive treatise Radioactivite most nearly 
approaches in its lay-out the type of book we had in mind when writing 
jhe present volume. It appeared in 1935, after her decease, but the 
treatment of many parts of the book belongs to an earlier date. Hither- 
jo, no other authors appear to have written a text-book in which the 
attempt is made to treat within reasonable limits the entire held of 
radioactivity, both in its chemical and in its physical aspects, and in its 
■elation to neighbouring sciences. 

The general plan of the book has remained unchanged, but in detail 
i great deal of it has had to be altered, and several chapters entirely 
■ewritten. We have retained its characteristics as a text-book by deal- 
ng fully with the fundamental experiments and theories, and by 
resenting them in as intelligible a manner as possible. In the considera- 
'ion of the more recent developments we have often had to make use 
»f a more concise treatment, so as to be able more or less to cope with 
he abundance of the available material. In this respect the essential 

rpose of our book will have been served if we have been able to give 
he reader a general survey of modern developments, and direct him 
y the study of special works of reference and scientific journals. The 
eferences given at the end of each chapter should prove useful in this 
onnexion. We have endeavoured as often as possible to direct atten- 
ion to authoritative books and to reviews in scientific periodicals; 
adividual papers have only been cited in so far as they justify the 
aclusion of particular statements in the text, and the absence of 
eferences to other papers in no way indicates an expression of opinion 
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on their value, for there are obvious practical limitations to the number 
of references that can be included in a book of this kind. If we were to 
attempt to give a complete list of references even for the more recent 
work, it would be necessary to supplement each chapter by several 
pages of references, for the amount of published work has grown enor¬ 
mously in recent years, especially in the field of radioactivity. From 
information that we have received from Professor St. Meyer, some 

I, 200 papers on the subject appeared during the year 1936 alone. 

Uncertainty in regard to the values of the fundamental constants 

(electron charge, Loschmidt’s number, etc.) gave rise to some difficulty, 
In view of this uncertainty we have, when permissible, made use of 
appro xim ate numerical values in the text, and in a table in the Appendix 
we have listed those which, in j he present state of knowledge, are to be 
regarded as the most probable exact values of the constants. 

It is our pleasant duty to record our thanks to Drs. 0. Frisch and 

J. C. Jacobsen (Copenhagen) for their critical perusal of parts of the 
manuscript, to Professor Stefan Meyer (Vienna) for kindly looking over 
the proofs and for numerous valuable suggestions for improving the 
text, and above all to Ur. E. W. Lawson (Sheffield) for his very careful 
translation and invaluable assistance in various ways during the pre¬ 
paration of this edition of our book. 

During the printing of this edition the announcement was made of 
the lamented death of Lord Kutherford. To Mm, more than to any one 
else, the scientific world is indebted for the development of the science 
of Radioactivity throughout its history. For our own part we should 
like to take this opportunity of expressing our deep feeling of reverence 
and gratitude to the late Lord Rutherford for the manifold inspiration 
and encouragement he gave us during the course of the last twenty-five 
years. 

March 1938. G-. H. 

Institute for Theoretical Physid 
The University, Copenhagen .|! 

F. A. P. 

Imperial College of Science and] 
Technology, London , W. 7 . j 



FROM THE PREFACE TO THE FIRST GERMAN EDITION 


The purpose of the present volume is sufficiently indicated by its title; 
it is intended to be a text-book of radioactivity. 

There already exist several exhaustive works on radiology for the 
advanced student and the research worker, and detailed monographs . 
on certain branches of the subject have been published from time to 
time. Nevertheless, it has been our experience, and doubtless many of 
our colleagues have been faced with the same difficulty, that students— 
in physics, chemistry, and medicine—invariably ask the question as to 
which is the most suitable book from which to get an insight into the 
science of radioactivity at first hand, an ' without assuming an elemen¬ 
tary knowledge of the subject. Owing to the wide range of the subject, 
this is by no means an easy question to answ r er. 

In view of this fact, we have attempted to select and arrange the 
subject-matter so as to give prominence to the didactic points of view 7 , 
somewiiat in the same manner as has long been done in every text-hook 
on the related sciences of physics and chemistry. Whereas in the early 
days of radioactive research, before the relation between the numerous 
remarkable observations was recognized, it was convenient to make use 
of the historical development of the subject as an introduction to the 
new science, we believe that the time is now opportune for completely 
separating the didactic from the historical development of radioactivity. 
Our meaning wall be clear if we remind the reader that a text-book of 
chemistry does not begin with a description of the misconceptions of t he 
alchemists, but rather with the much more instructive experiments of 
a quantitative nature on the composition of water, etc., in spite of the 
fact that they belong to a much later period and are more difficult to 
carry out. At the same time we do not consider the historical develop¬ 
ment to be without interest, and students who are already familiar with 

e elements of the subject will find in the concluding chapter a resume 
l progress in radioactive research from its inception onwards, together 
vith an indication of the part played in that work by the various 
research laboratories. 

We have only introduced the principles of the methods of measure¬ 
ment used in radioactivity, and not the practical manipulative instruc¬ 
tions ; here again we find justification in the accredited procedure of 
text-books on physics and chemistry, wdiich leave technical laboratory 
details to the treatises on practical physics, or analytical and prepara- 
five chemistry. 


G. H. 
F. A. P. 
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INTRODUCTION 


1. Fundamental Experiments 

The science of radioactivity derives its name from the chemical element 
radium, -which was discovered in the year 1898, and it is mainly with 
this substance that the unique phenomena have been observed, the 
study of which forms the basis of this new science. Radium is obtained 
by separating in the form of chloride the slight traces of barium 
contained in uranium minerals, and then subjecting this to fractional 
crystallization. Under such treatment, the more difficultly soluble 
fractions become richer in the chloride of radium, which in this maimer 
can finally be obtained in the chemically pure state.f From the chemical 
viewpoint the salts of radium (chloride, bromide, carbonate, sulphate, 
etc.) and metallic radium hear a strong resemblance to the corresponding 
compounds of barium and to metallic barium respectively, but they 
differ from this and from practically all other chemical elements by 
virtue of certain special properties. We shall discuss the most important 
of the experiments which show this peculiarity of radium, hut at this 
stage we shall refrain from the discussion of the experimental difficulties 
which some of them offer. In these experiments we may use a few 
centigrams of radium chloride, contained in a small glass tube with 
sealed ends. 

(1) If the glass tube be laid for a few seconds on a photographic 
plate, then after development the plate is found to be strongly blackened 
where the tube was situated; at greater distances the effect is less 
marked. 

(2) A screen coated with barium platino-cyanide, such as is used in 
detecting the presence of X-rays, is also found to become luminous 
when the tube containing radium is brought near it. 

(3) A charged electroscope loses its charge when the tube is situated 
near it. 

(4) Very small quantities of two different gases, helium and radon, 
gradually accumulate within the tube, and can be detected by the 
methods of micro-gas analysis. 

(5) If part of the glass tube be exceedingly thin, but nevertheless 
quite airtight, the appearance of the gas helium can also be observed 
outside of the tube. 

(6) The tube has always a slightly higher temperature than its 
surroundings. 

f Further details of the mode of preparation are contained in. Chap. XXII. 

4060 U 
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In the explanation of these remarkable properties we are especially 
aided "by experiment (4). By means of the most accurate chemical 
analysis we are able to detect in the tube initially only the two elements 
radium and chlorine in the form of the solid compound RaGl 2 . After 
the lapse of a few days or weeks, however, the tube contains an exceed¬ 
ingly small quantity of a gaseous mixture, the spectroscopic examina¬ 
tion of which, in addition to helium, reveals the presence of an element 
previously unknown, and called radon. Owing to the characteristic 
nature of its spectrum, and because of its inability to take part in 
chemical reactions, this element, like helium, must be included among 
the rare gases. Two new elements have thus been derived from radium 
chloride, and since the same results can be obtained by using radium 
bromide, radium carbonate, etc., and metallic radium, we are led to 
the conclusion that it is the element radium that has been transformed 
into the other two chemical elements. 

A quantitative investigation supplies us with a clue to the mannei 
and nature of this transformation. If we were to seal off 1-3138 gm,' 
RaCl 2 (containing 1-000 gm. of the element radium) in an evacuated " 
tube, we should be able to establish by the methods of micro-gas 
analysis that after four days 0-33 mm. 3 of radon have been produced 
(measured at 760 mm. pressure and at 0° C.) 5 whereas the amount after 
eight days would be 0-50 mm. 3 , and after thirty days 0-65 min. 3 
Moreover, we should find that no matter how long we wait, even after 
several years, this last value would not be exceeded. In the case of 
helium, on the other hand, we should find that if we neglect the growth 
during the first few days, the accumulation of helium would be propor¬ 
tional to the time that had elapsed since the tube was sealed of, so 
that after one year we should find approximately 172 mm. 3 of helium, 
after two years twice this amount, and so on.f 

This difference in the behaviour of helium and radon must find its 
explanation in the nature of the two gases. In order to investigate this 
point we shall suppose them to be collected separately, and observe 
their behaviour during the course of an extended period of time. The 
helium is found to remain unaltered, and no matter how long we keep 
it, the volume remains constant. The behaviour of the radon, however, 
is quite different. Initially it was completely free from helium, but 
after the course of a few days we are again able to detect the presence 
of this gas in the radon, whereas the amount of radon constantly 
dimimshes. After the lapse of four days only one-half of it is left, after 
eight days only about one-quarter, and after one month only about 

t The above relation does not hold quite accurately, owing to the fact that in the 
course of several months an appreciable quantity of polonium will have been formed, 
and the generation of helium from this source must also be taken into account. 
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one-thousandth of the original quantity of radon is left. This process 
is accompanied by another surprising phenomenon, which is of particu¬ 
lar importance in the interpretation of the process: a deposit of lead is 
found to form on the walls of the vessel in which the radon has been 
stored. The quantity of lead formed hears a simple relation to the 
amount of radon that has disappeared; in place of each atom of the 
latter an atom of lead makes its appearance, and hence the quantity 
of lead increases during the first four days to one-half of its maximum 
amount. After one month the amount of lead remains practically 
constant.! Furthermore, it can be shown that the tube containing 
radon giyes rise to all the phenomena described under experiments (1), 
(2), (3), (5), and (6), which we were able to observe with the tube 
containing radium. 

2. The Hypothesis of Atomic Disintegration 

Without exception it has been found possible to explain all the above- 
; mentioned observations and experiments by means of a theory which 
also embraces many other related phenomena not touched on here, 
and which rendered possible the correct prediction of phenomena not 
yet discovered. The theory is based on a single hypothesis, in principle 
quite novel, namely, the assumption of the disintegration of the chemical 
atoms. 

Before the discovery of the radioactive elements it had been possible 
to attribute the whole of the phenomena in chemistry and physics to 
the behaviour of the atoms and of their association in the form of 
molecules. In spite of numerous experiments, science had never suc¬ 
ceeded in establishing the transformation of one chemical element into 
another, and since we regard the atoms as the carriers of the properties 
of elements, we were forced to the conclusion that chemical atoms 
remain unaltered under all circumstances. This conception does not 
stand in contradiction to the fact that, in many processes such as the 
emission of light, ionization, and especially the formation of chemical 
compounds, certain properties of the atoms disappear, and others 
take their place. We need only assume that the essential nature of the 
atom is maintained, and that only relatively minor changes take place, 
which can always be made retrogressive4 

Since the new elements helium and radon are formed from radium, 
we must assume in this case that atoms of helium and of radon are 
produced from the atoms of radium. Here we are confronted with a 

t Later on we shall deal with the properties of the lead so produced. It is called 
radium D. 

J We shall have occasion in what follows to discuss what we have to understand by 
the ‘essential nature of the atom’, in the light of more recent theory. 
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disintegration of the radium atom, and this process is not reversible 
In spite of experiments on these lines, it has never been possible to 
detect the formation of radium from helium and radon. This property 
of disintegration is associated not only with radium, but also vitt 
radon, as mentioned above, which is transformed in its turn into other 
elements. The same feature characterizes a large number of other 
radioactive substances, with which we shall become acquainted later 
on. Previously established conceptions in chemistry and physics were 
of no avail in the face of these facts, and it became necessary to develop 
a new science, the science of Radioactivity. 

Like the word radium, the term radioactive was chosen in this new 
science because the first phenomenon to receive attention wa^ the 
emission of particularly characteristic rays (radius = ray) by such sub¬ 
stances; not until later was it noticed that these rays solely represent 
phenomena accompanying atomic disintegration, and for this reason 
we now define a substance as being radioactive when the atoms of which 
it is composed disintegrate spontaneously, and regardless of whether 
or not the emission of rays can readily be detected in the process. 

The phenomena that were mentioned in connexion with our basal 
experiments (1) to (6) all represent effects produced by these rays; we 
shall be made familiar with the nature of the rays in later chapters 
specially devoted to this aspect of the subject. At this stage it will 
suffice^ to mention that they are not only useful for the qualitative 
detection of radioactive substances, but they can also be utilized with 
especial advantage in the quantitative measurement of such substances, 
The intensity of each type of ray is simply proportional to the available 
quantity of the substance emitting it. Instead of the above-mentioned 
chemical or gas-analytical method of detection of the quantity of a 
radio-element, which is in practice a very irksome business, we almost 
always make use of the measurement of its radiation in the determina¬ 
tion of the amount present. For this reason it is imperative that we 
should have an accurate knowledge of the rays, and of the methods 
used in their measurement. 

3. The Rays emitted by Radioactive Substances 

In order to render this section more readily intelligible, it will bed 
a vantage to call to mind the different theories that have been form- 
a e as to the nature of rays of light, and other types of rays familial 
to physicists. Whereas Newton assumed that rays of light consist of 
a swarm of very quickly moving material particles, Huyghens’s concep¬ 
tion was that we are not dealing with the propagation of material 
7- ^ith that of a state of motion. According to his theory, 

which, after much tedious discussion and numerous experiments, f® 
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found to he more fruitful in the case of light than Xewton’s theory, we 
hare to regard a ray of light as consisting of the propagation of a state 
of vibration in the aether. Later, the same two alternatives presented 
themselves in the case of the cathode rays and X-rays. Here again 
both modes of explanation found distinguished protagonists, until 
the emission theory held the field for cathode rays, and the ware theory 
for X-rays. 

For the radioactive substances it is not possible to come to a simple 
decision one way or the other, for 
here we meet with both types of rays, 
some of them of a material nature 
and others resembling light. The a - 
and j8-rays are corpuscular, whereas 
the y-rays, like the closely related 
X-rays, are simply a form of light of 
very short wave-length. But it should 
he mentioned that the developments 
of theoretical and of experimental 
physics in recent years have led to 
the conclusion that a rigid differentia- Fig. 1. Action of a Magnetic Field on 
tion between the two types of rays and s ‘ 

is not possible. Even an apparently so typical corpuscular radiation 
as that of the a-particles, which when collected yield the gas helium, 
can he regarded in other respects as a wave radiation capable of 
interference. In a preliminary survey of the subject of the rays from 
radioactive substances, it is however advisable to retain the differentia¬ 
tion previously given. 

It lias been mentioned that even before the discovery of radium we 
were familiar with types of rays that were regarded as corpuscular in 
nature, in contrast to the rays of light. Thus the cathode rays, which 
result from the application of a high voltage across a highly evacuated 
tube, consist of a swarm of particles of negative electricity, called elec¬ 
trons ; and in the same tube we can detect particles flying in the opposite 
direction, i.e. towards the cathode, and these are called positive rays. 
According to the gas contained in the tube (oxygen, carbon dioxide, 
mercury, etc.), these positive rays consist of molecules and atoms of 
different chemical elements and compounds, associated with positive 
electrical charges. jS-rays are identical in nature with the cathode rays, 
whereas the a-rays show a marked similarity to positive rays. 

Our knowledge of the nature of the rays emitted by radium was 
obtained from experiments on their deflexion and absorption. The 
accompanying diagram (Fig. 1) shows schematically the action of a 
strong magnet on a pencil of /?-, and y-rays emitted in a rectilinear 
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direction from a narrow opening. In this diagram the magnetic field 
is supposed to he directed perpendicularly to the plane of the paper I 
with the north pole of the magnet above that plane. The a-rays axe * 
slightly deflected to the left, whilst the /3-rays suffer a much greater \ 
deflexion to the right. If the magnetic field is sufficiently strong, the' 
/3-rays are bent into complete circles, but the y-rays are wholly ur -1 
influenced by the magnetic field. From the direction of the deflexion 
we are able to determine whether the charge on the particles is positive 
or negative, and from the magnitude of the deflexion, combined with 
similar deflexion experiments in an electric field, we can determine the; 
magnitude of the specific charge (e/m) and the velocity of the a- and 
/3-particles. 

Another fundamental experiment consists in testing the absorption 
of the rays, i.e. the diminution of their intensity after they have passed ' 
through matter, whether this he in the gaseous, liquid, or solid state, 
Whereas the y-rays are only slightly weakened in intensity by tie 
introduction in their path of an aluminium plate 5 mm. thick, the a-rays 
are completely, and the j8-:rays almost completely absorbed by tie 
plate. On the other hand, a thin sheet of paper or of aluminium of 
thickness 01 mm. is insufficient to cut off the /3-rays, but it is wholly 
effective in preventing the passage of a-rays. In this way then we have, 
together with magnetic and electric deflexion experiments, a simple 
means of separating the different types of rays from each other. 

We must now familiarize ourselves with the methods of measuring 
the intensity of the rays from radioactive substances. Since these 
methods are based almost exclusively on the determination of tie 
electrical conductivity imparted to gases by the rays, it will be profit* 
at this stage to give an account of the mechanism of the conduction of 
electricity in gases. 

4. Conduction of Electricity in Gases 

By way of illustration we shall proceed from the more generally famife 
conduction of electricity in liquids. As detailed in every text-book if 
chemistry or physics, pure water is practically a non-conductor of 
e ectricity; but when we introduce an electrolyte such as hydrochloric 
aci into it, the liquid acquires the ability to conduct an electric current 

* ° re r r > ^ Can ^at same time there occurs a want¬ 

ing o -atoms towards the cathode, and of Cl-atoms towards the anoi 
+^ ^ ^ ^°^ ows ^at H-atoms are positively charged, vhl 
the Cl-atoms possess a negative charge, and that the passage of I 
current consists in a transport of these charged particles. 

furthermore, we can readily calculate the magnitude of the char? 
o ese particles, which are called ions (ion = wanderer). Accordif 
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to Faraday’s second lav, the same quantity of electricity is always 
necessary in order to deposit one gram-equivalent of a substance, this 
quantity amounting to 96,500 coulombs. With this quantity of elec¬ 
tricity we can, for instance, separate 1-00S gm. of hydrogen or- 1 ! = 8 gm. 
of oxygen. Now we know that 1*008 gm. of hydrogen contains 6*0 X10 23 
atoms, and hence every hydrogen ion bears a charge of 


96500 
6*0 XlO 23 


1-6X 10“ 19 


coulombs. Such small quantities of electricity are advantageously 
expressed in terms of another system of units; since 1 coulomb = 3 X 10 9 
electrostatic units, it follows that the charge borne by a monovalent 
ion is 1 *6 x 10~ 19 X 3 x 1G 9 = 4*8 x 10" 10 e.s.u. A divalent ion requires 
96,500 coulombs to deposit half a gram-atom, and since this half 
gram-atom only contains half the number of atoms contained in a 
gram-atom, we see that in this case each individual ion carries a 
double charge = 2x4*8x 10~ 10 e.s.u., and that every trivalent ion 
carries a treble charge, and so on. 

The fact that the charge of an ion is either 4*8 x 10“ 10 e.s.u. or a whole 
multiple of that value leads us to the atomistic conception of electricity; 
a smaller quantity of electricity than this elementary charge e has never 
been observed. As is well known, for these negative ‘quanta 5 of elec¬ 
tricity it has been possible to establish their independent existence, 
free from matter; they invariably possess the same electrical charge, 
independently of the substance from which they have been derived. 
They are called electrons, and we shall meet with them again in the 
jS-rays from radioactive substances. 

W T e shall use this well-known conception of the conduction of elec¬ 
tricity in liquids as a starting-point in the elucidation of the conduction 
of electricity in gases, with which the following observations have been 
made. 

Charged bodies that are in contact with a gas gradually lose their 
charge. Coulomb thought that the gas molecules become charged by 
contact, and then hand over their charges to the walls of the vessel. 
But this interpretation stands in contradiction to the observation that 
the loss of charge is greater the larger the containing vessel. From this 
we may conclude that the discharge is brought about by the aid of 
particles which are present in limited number in the vessel, and which 
cannot be replaced after they have been used up. This conclusion is 
confirmed by experiments with gases, the conductivity of which is 
greatly increased by allowing them to bubble through water, by bringing 
them into contact with flames, electric arcs, glowing metals, or phos¬ 
phorus, or by subjecting them to the influence of ultra-violet light, 
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cathode rays, positive rays, X-rays, or the rays from radium, ft 
enhanced conductivity vanishes of its own accord in the course of time, 
but with especial rapidity when the gases are passed through glass wool 
through narrow metal tubes, or through an electric field. Thus the 
conductivity must be attributed to particles that can be filtered fioa 
the gases and which are electrically charged. Since the gas as a whole 
shows no electric charge, equal numbers of positive and negative 
particles must he preseut. These particles are also called ions, andth 
production of conductivity is called the ionization of the gas. 

Thus, just as in salt solutions, the conduction of electricity in gases 
is brought about by the agency of electrically charged particles. Never, 
theless, there are important differences between the two phenomena, 
In particular, we must note here one such difference, and that is lit 
relation between the applied potential and the current strength. Asii 
well known, this relation is given within wide limits for electrolytic* 
conducting liquids by Ohm’s law, I = VIE, just as with metaft 
conductors, i.e. the current is proportional to the potential when its 
resistance is constant. We explain this relation by saying that witi 
twice the potential the force acting on the ions is twice as large, d 
hence the velocity they acquire in the resisting medium is also doubled, 
so that the current or the quantity of electricity transported in unit 
time will also have double its previous value. This proportionality 
between current and potential can be graphically represented by men 
of a straight line passing through the origin. With gases ionizedty 
X-rays or the rays from radium, on the other hand, this simple reM» 
only maintains for the initial part of the curve (region of Ohmic current 
and when the potential is sufficiently high a maximum current vail 
is attained, and this cannot under normal circumstances he exceedd 
These conditions can be made clear by graphical means, as shop| 
Wig. 2. _ _ 

When we ionize a gas by means of a radioactive preparation of giw 
strength and gradually raise the potential applied to the gas space,! 
current rises at first quickly, and later slowly, as shown by curve! 
The current is constant for potentials above a certain value. WiftJ' 
stronger radioactive preparation the curve has a similar form,J 
attains a higher constant value (curve B). Thus whereas for'Sffl! 
potentials the current strength depends both on the applied pota® 
and on the strength of the radioactive preparation, it is a function®! 
of the strength of the preparation once a certain high value of J< 
potential has been reached or exceeded. We see, then, that nt 
these conditions the current strength can be used as a measure of 4 
strength of the radioactive preparation. This maximum value of Ik 
current is called the saturation current. 
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These results are explained in the following manner. Both in the 
case of electrolytic and of gaseous ions a fraction of the ions disappears 
by virtue of the recombination of oppositely charged ions to form neutral 
particles, even in the absence of an electric field. Thus in the aqueous 
solution of a weak electrolyte in the stationary state a condition of 



Voltage 

Fig. 2. Attainment of Saturation Current. 


dynamic equilibrium exists between the molecules that are split up into 
ions in each second of time by the dissociating action of the water, and the 
ions that reunite during the same interval to form uncharged molecules. 
Likewise, a state of dynamic equilibrium is also maintained between 
the gas molecules broken up into ions by the action of the X-rays, and 
the ions of the gas that combine to form uncharged particles.f 
When an electric field is applied, the positive ions wander to the 
cathode and the negative ions to the anode, and if the field is of sufficient 
strength, the transport can take place so quickly that the ions no longer 
have an opportunity of losing their charges by recombination, and they 
all give up their charges to the electrodes. Now with electrolytes this 
case cannot be realized: first, because the number of ions is very large, 
and secondly, because they can only be transported slowly towards the 
electrodes owing to the resistance offered by the water. Thus, even 
when a strong field is applied, the equilibrium between separation and 
recombination of the ions is not appreciably disturbed. 


t The velocity of recombination of oppositely charged ions to form uncharged particles 
is proportional to the product of the concentrations of the positive and negative ions. 
Hence the number dn of the ions that combine per unit of volume in the time dt is given 
by the expression dnldt = on.ru. 


The constant a is called the coefficient of recombination. Since the same numbers of positive 
and negative ions are formed per unit of time, we have n t = n 2 , and the above expression 


reduces to 


dnjdt = an 2 . 


C 


4060. 
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On the other hand, in gases ionized by means of X-rays or the rays 
from radium the number of ions is much smaller, and their mobility 
much greater.f In this case, by increasing the potential, it is actually 
possible to remove to the electrodes all the ions produced during i 
definite time by the action of the ionizing agent, or in other words, all 
the ions take part in the transport of the current. As soon as this 
condition is fulfilled, a further increase of the potential difference is 
no longer able to bring about an increase in the current, for of course 
only a definite number of ions is being produced per unit of time. If 
the ionizing action is increased, the value of the current will also rise, 
since there are now more ions available. Thus the current is now a 
measure of the ionizing action, and, within certain limits, it is indepen¬ 
dent of the potential. Hence, if we wish to measure exactly the ionizing 
action of a radioactive preparation, it is desirable to make use of the 
saturation current.^ 

The first part of the curves in Fig. 2, the region of Ohmic current, 
corresponds to the conditions with electrolytes, hut the later part of 
the curves (incomplete saturation and the saturation current) is not 
attainable in the case of electrolytes. 

At first sight it seems a surprising phenomenon that the saturation 
current becomes greater when the plate electrodes are farther apart; 
but the explanation of this is also given directly by the theory. If the 
ionization takes place uniformly throughout the gas, the number of 
particles produced per unit of time between the electrodes will be larger 
the greater the distance between the plates, and hence the current may 
also be larger. In contrast with this we know that for metallic con¬ 
ductors and electrolytes the strength of the current diminishes as we 
increase the distance between the electrodes. 

In. view of its practical importance we have dealt in some detail 

f Whereas the ion content of a normal solution of a strong electrolyte amounts to 

6 X 10 20 per c.c., it rarely exceeds 10 8 per c.c. in a gas, even with the strongest ionization 
by X-rays or similar ionizing agency. The mobility of ordinary gas ions in oxygen is 
about 1 to 2 em./sec. per volt/cm., and in hydrogen it even reaches the value of 7 to 8, 
whereas the mobility of most electrolytic ions (Cl, K, etc.) in water only amounts to 

7 x 10“ 4 , and even that of the H-ion does not exceed 3 X 10" 3 . Both factors, namely* 
the smaller number and the greater mobility of the ions, are favourable to the attainment 
of the saturation current in the case of gases. The conductivity is reduced by the first 
factor, and increased by the second, hut in much lesser degree, so that the conductivity 
even in hydrogen can only reach a value corresponding to that of an acid solution, of 
strength about 10“ 10 X. 

t The attainment of the saturation current should be aimed at in all such measure¬ 
ments. It is, of course, also possible to compare the strengths of preparations by using 
currents below saturation, provided that the conditions of experiment are kept quite 
constant, and in many measurements we must for practical reasons sacrifice the attain¬ 
ment of complete saturation. Particularly with a-rays, which produce many more ions 
per centimetre of their path than j3-rays (see pp. 43 and 67), it is often not possible to react 
saturation. 
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with, the dependence of conductivity on the potential. But there are 
still other important differences between electrolytic ions and gas ions. 
In the first place, for the latter ions the close relationship of the charge 
and the chemical nature of the substance is absent. In electrolysis it 
is well known that hydrogen always carries one positive charge, and 
oxygen always carries two negative charges, and so on; but the gas 
ions in hydrogen and in oxygen carry exactly the same charges. More¬ 
over, whilst w r e meet with ionized atoms in the solutions of most sub¬ 
stances, the gas ions of the same substances generally consist of ionized 
molecules. In electrolysis all the ions have similar dimensions, even 
though, in consequence of stronger or weaker hydration, somewhat 
considerable differences in their magnitude (and corresponding mobility) 
do occur; but in the case of gas ions the multiplicity is much greater, 
and at the present time we can visualize the following picture of the 
process of ionization in gases. 

As a result of the collisions of gas molecules with the electrons of 
cathode or /3-rays (or even secondary electrons that have been liberated 
by X-rays, y-rays, or ultra-violet light), a neutral particle parts with 
an electron. As a result of this a positive ion of atomic dimensions is 
simultaneously produced. At low pressure or at high temperature these 
ions exist as free ions in the gas, but otherwise uncharged particles 
attach themselves to the ions by virtue of electrostatic attraction, and 
so increase the mass of the ions. It has been calculated from diffusion 
measurements that ordinary gas ions (small ions, or molecular ions) 
generally consist of a cluster of about thirty molecules. The charge is 
independent of the number of associated particles; it may remain a 
single elementary charge, but further charged ions may attach them¬ 
selves. Apart from electrons, positive atomic ions, and positive or 
negative molecular ions, Targe ions’ (sometimes called ‘ slow ions’) also 
exist. These deserve mention because they are sometimes present at 
the commencement of ionization measurements, when they hinder the 
attainment of the saturation current. 

In contrast to the case of electrolytic ions, we must accordingly 
assume for gas ions an important difference between positive and nega¬ 
tive ions; the positive ones are always associated with a mass of atomic 
order of magnitude, but the negative ions sometimes occur as electrons, 
particularly when the pressure of the gas is low. 

This has an important bearing in connexion with the ionization of 
gases by collision. We have already seen that for an ionized gas the 
form of the curve relating the current and the applied potential is 
represented by Fig. 2, the current remaining constant (saturation cur¬ 
rent) after a certain value of the potential has been reached. But the 
value of the current does not remain constant indefinitely as we increase 
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the potential between the electrodes, and at normal pressure a sudden 
spark ultimately passes between them. If the same experiment be 
performed with the gas at a reduced pressure of a few centimetres of 
mercury, we are readily able to determine the exact form of the current- 
potential curve for the gas, up to the potential at which a luminous 
discharge takes place. At first it is as in Fig. 2; hut when a certain 
critical potential has been reached, the current again begins to 
increase, slowly at first, then with increasing rapidity until a glow dis¬ 
charge is initiated. The value of the critical potential depends on tie 
pressure, being less for lower pressures. This renewed increase of the 
current after the critical potential has been reached is due to the fact 
that the ions between collisions acquire sufficient energy in the strong 
electric field to produce further ions by their collision with the neutral 
molecules of the gas. As mentioned above, when the pressure of the 
gas is low a considerable fraction of the negative ions exists in the form 
of electrons, and it is these ions which at first give rise to the growth of 
the current after the critical potential has been attained; later, however, 
the positive ions also participate in the process. In this way it is possible 
to maintain a current of about one thousand times the value of tie 
saturation current. This kind of ionization of a gas, in which the ions 
initially produced gain sufficient energy by their acceleration in tie 
electric field to produce fresh ions by collision, is called ‘ ionization by 
collision 5 . We shall meet with a very important application of this 
phenomenon in connexion with the counting of a- and /3-particles by 
means of the point counter and the tube counter (see p. 17). 

5. Methods of Measurement for the Rays from Radium 

Every well-defined effect of the rays from radium can of course be 
utilized, in principle, for the purpose of their quantitative comparison, 
Thus it is very simply shown that radium preparations do not change 
appreciably in the course of a year, by comparing with each other tie 
blackenings they produce in a given time on a photographic plate 
(cf. Fundamental Experiment 1), but very exact results cannot be 
obtained in this manner. Moreover, in quantitative work we should 
hardly have recourse to the heating effects of radium (Fundamental 
Experiment 6), since they can he measured accurately only with, fairly 
strong preparations. The best and most general method has been 
found to he the action of the rays on gases, the insulating power ot 
which for electrical charges is reduced by the rays from radium (Funds* 
mental Experiment 3). As we have seen in the previous section, ifi 
phenomenon is based on the ionization of the gases, and can be utilized 
in a simple manner as the basis of a method of measurement. 

Let us suppose that we have a positively charged hemispherical shell 
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of copper, the edge of which rests on a slab of a good insulator, e.g. 
paraffin wax, and which is surrounded by air. The charge on the 
hemisphere flows to earth as soon as we touch it with a wire, the other 
end of wliich is connected to earth, formally, air is not capable of 
conducting electricity, but if webring a radium preparation near to the 
charged hemisphere, the air becomes conducting, and electricity now 



Fig. 3, Apparatus for Measuring Strong Radioactive Preparations. • 

flows through the air in much the same way as if we had brought the 
hemisphere in contact with an earthed conductor. The air is rendered 
conducting by the rays from radium, and the degree of conductivity is 
greater the stronger the radium preparation with which we are working. 

A slight adaptation of the apparatus just described will serve as an 
exact measuring instrument. In order to measure the conductivity 
imparted by the rays from radium to a definite and well-defined quantity 
of air, we can use that inside the charged hemisphere. As nearly as 
possible in the middle of the sphere is situated a circular metal plate 
which rests on the paraffin slab. Connected to this plate is a wire that 
passes through the slab and is attached to one terminal of a galvano¬ 
meter, the other terminal of which is earthed, as seen in Tig. 3. The 
preparation to be measured is laid on the metal plate, the hemisphere is 
placed over it, and this is connected to a source of potential of from 1,000 
to 2,000 volts. If the preparation is not radioactive, the air within the 
hemisphere mil remain an insulator, so that electricity cannot flow' 
between it and the metal plate, and the galvanometer remains unde¬ 
flected. But if in consequence of the rays emitted by the radium pre¬ 
paration the air between the hemisphere and the plate is ionized, an 
amount of electricity corresponding to the strength of the ionization 
will pass from the hemisphere to the plate and through the galvano¬ 
meter to earth. Thus the current registered by the galvanometer is a 
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direct measure of the ionization produced in the enclosed air, and hence 
also of the strength of the radium preparation (as shown in section 4), 
provided the applied potential is sufficiently high to ensure that the 
maximum or saturation current in the ionized air is attained. 

The galvanometric measurements described above can only be carried 
out with very strong preparations, because the saturation currents 
obtainable in air are always very weak (see p. 10, footnote), and hence 
we are obliged to use other more sensitive apparatus, such as is not 
otherwise used in the measurement of current. Tor this purpose the 
electroscope occupies the foremost position. In its simplest form this 
instrument consists of two strips of metal foil attached at their upper 
ends; on charging them, the strips diverge. The amount of this diver¬ 
gence is greater the more highly they are charged, and in electroscopes 
that have been adapted as measuring instruments the divergence of 
the leaves can he read off on a scale placed behind them. Under norma] 
conditions the leaves remain deflected for a long time, and only gradu¬ 
ally collapse (‘natural leak 5 ), for the air has very pronounced insulating 
properties. But if we bring a radium preparation into the neighbour¬ 
hood of the electroscope, the leaves collapse more or less quickly in 
accordance with the degree of conductivity imparted to the air by tie 
preparation. If one preparation is twice as strong as another, it imparls 
to the air twice the conductivity, and hence the leaves collapse at twice 
the rate, provided that the experimental conditions are maintainei 
exactly the same in the two cases. Thus the time required by the leaves 
to pass over a given number of divisions of the scale is inversely pro¬ 
portional to the strength of the preparation. Here also the magnitude 
of the saturation current serves as a measure of the ionizing action. If 
the volt-calibration of the scale of the electroscope, and the capacity 
(C) of the entire measuring system, measured in cm., are known, ff 
can calculate the saturation current in the following way: Suppose the 
leaves collapse from V 1 1< o V 2 in t seconds, then the drop in potential ii 
(Fi-iy, and the quantity of electricity that has leaked away is 
The electric current, or the quantity of electricity that has passed in 
one second, is consequently Since 1 volt = electrostatic 

unit, w r e must divide the above result by 300 in order to obtain tk 
saturation current in electrostatic units. Our final expression for tk 
current is thus 

i (e.s.u.) = (F^nd V 2 expressed in volts). 

The exceeding simplicity of its use, its rapid action, and its small cod 
ma e the electroscope the most favoured instrument in radioactive work 
ccorffing to the purpose for which they are primarily required, $ 
differentiate between different types of electroscopes. Fig. 4 shows ai 
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‘a-ray electroscope’ 5 i.e. an electroscope which, although it permits of 
the measurement of all three types of rays, has in general too small a 
sensitiveness for the relatively smaller action of the /?- and y-rays. In 
this electroscope we have an ionization chamber AB into which the 
preparation is introduced, and it is separated by an amber or sulphur 
insulating plug S from the chamber in which the electroscope leaf L 
is situated. Passing through the plug S and connected with the plate A 



A B 



is a thin metal rod C , which is charged to a definite potential when the 
instrument is in use, whereas the plate B is directly connected to the 
earthed outer metal vessel. 

In ‘/3-ray electroscopes 5 (see Fig. 5) the ionization chamber and the 
measuring chamber are combined, in order to diminish the capacity 
and hence to increase the sensitiveness. In the base of the instrument 
there is an opening which is closed only by a thin aluminium foil W ; 
this prevents the a-rays from passing into the instrument, but does not 
deter the /3-rays. The walls of the vessel are of sufficient thickness to 
prevent the entrance of /3-rays. The active preparation is centrally 
placed beneath the aluminium window. As y -rays are often present 
also, they are measured with the /3-ravs in such a /8-ray electroscope, 
but their effect can generally be disregarded as compared with that of 
the /3-rays. The same electroscope can also he used as a ; y-ray electro¬ 
scope 5 if we close the window W by means of a metal plate of the 
same thickness as the walls of the electroscope, instead of by aluminium 
'oil. The electroscope is charged through the bent wire 5, which rotates 
n the insulating ebonite stopper C 3 and can thus be brought into contact 
ither with the earthed case of the instrument or with the leaf-support 
} below the insulating plug S. 
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If we require to make measurements with gaseous radioactive si 
stances, we make use of a so-called ‘emanation electroscope 5 . 
instrument the ionization chamber is a closed airtight vessel. Jig, | 
illustrates one of the many possible forms of ft 
instrument, and is sufficiently clear to need no turtle 
explanation. 

Thin Wollaston wire or fibres of platinized quart 
have been found very satisfactory in place of ft 
metallic leaves of electroscopes, especially when it 
are concerned with precisional measurements. In ft 
‘single-string’ (fibre) electrometer the insulated fib 
is fixed at both ends and situated between two mii 
plates connected to the poles of a battery of jfoi 
Fro. 6. Emanation 50 to 100 volts, the mid-point of which is earthed. 

Electroscope. ^hen the fibre receives an electric charge, it is attracts 
by the oppositely charged plate; the amount of the deflexion gives at 
indication of the potential acquired by the fibre, and during a measui? 
ment the motion of the fibre is observed by means of a microscop 
with an eye-piece scale. In the ‘double-string’ electrometer the tv 
adjacent insulated fibres are attached at both ends and repel each otk 
when charged, so that the subsidiary voltage plates are unnecessar, 
The potential acquired hy the system is indicated by the sepaiati 
of the fibres when charged, and, as before, readings are taken with 
microscope with an eye-piece scale. 

When working with the rays from a radioactive substance itisi 
many cases preferable to measure the rate of charging of a previous! 
uncharged electroscope or electrometer, instead of observing the dis 
charge rate with the instrument initially charged. The principle it 
volved in all these methods is the same, however; we axe always coi 
cerned with the measurement of the saturation current produced inags 

In general such instruments are used to establish the presence t 
radioactive substances, and in these circumstances comparative measf 
merits adequately fulfil our purpose. But if we desire to carryoe 
absolute measurements, we must be able to determine the absofe 
value of the saturation current, and from what has already been si 
it will be clear that we must then know the capacity of the instrunfi 
and the voltage calibration of the scale of the electroscope. We ski 
refrain from discussing the methods of measurement in greater deft 
here, as they are to be found in the special works referred to in ft 
Preface. | 

t For convenience, several different units have been introduced for the measui®" 
of radioactive substances (I curie, 1 mache, 1 eve, etc.). These different units are fr 
vrith in Chap. XXIII, under the headings of radium and radon. 
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Finally, special mention should be made of those measuring instru¬ 
ments that enable ns to investigate the effects of individual a- and 
jS-particles. The simplest means of recognizing individual ^-particles 
is to make use of a substance which has the property of becoming 
luminous under the action of the rays from radium (cf. Fundamental 
Experiment 2, p. 1). Most suitable for this purpose is zinc sulphide 
which has been prepared in a particular way (see p. 243); this substance 
is so sensitive towards a-rays that each incident a-particle gives rise to 
an independent flash of light, which can be seen with the aid of a lens. 
From the number of these ‘ scintillations’ which appear over a measured 
area of a screen coated with zinc sulphide, we can calculate the total 
number of ^-particles that have been emitted by the radioactive 
preparation during the time of observation. 

This method was of inestimable value especially in the study of the 
phenomenon of atomic disruption, since it was found that not only 
the ^-particles, but also the H-particles arising from atomic disrup¬ 
tion, call forth scintillations when they are incident on zinc sulphide 
screens. But it is difficult to exclude the subjective element (visual 
fatigue) in such observations, and for this reason electrical counting 
methods are often to be preferred, as they can readily he equipped 
vith an arrangement for the automatic registration of the particles. 
They possess also the further advantage (sometimes a disadvantage) that 
hey respond not only to a- and H-particles but also to ^-particles and 
wen to y-ray impulses. There exist a variety of forms in which these 
lectrical counting methods have been developed. We shall only discuss 
he two that are most important at the present time, viz. the point- 
ounter and the tube-counter, both of which were introduced by Geiger. 
The general arrangement of the apparatus used with the point - 
ounter can be seen in Fig. 7. 

The rays pass through a very thin mica window into a chamber, in 
he middle of which is situated an insulated metal point or needle, 
'his point is connected to earth through a high resistance, whilst the 
alls of the chamber are connected to a source of positive high potential, 
aeh time an ionizing particle enters the chamber through the mica 
indow and passes the neighbourhood of the point, a point discharge 
ikes place by virtue of ionization by collision (see p. 11). This pro¬ 
ices a sudden deflexion of the fibre of a sensitive string electrometer 
tuated between the point and earth. By suitable choice of the values 
k the applied potential, the gas pressure and the resistance, the sensi- 
sreness of the instrument can be varied within wide limits, and it can 
so be made applicable to the registration of individual y -ray impulses. 
When we are concerned with the measurement of a very small flux 
radiation, as with the cosmic radiation or the investigation of 

iO60 
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the artificial radio-elements, the sensitivity of the point-counter is 
often inadequate. In such cases the tube-counter can be used, since it 
is very much more sensitive. The tube-counter consists essentially of 
a metal tube, along the axis of which is stretched a thin wire whose sur¬ 
face is coated with a badly conducting film of uniform thickness. In 
consequence of the insulating action of this film, the potential between 



the wire and the tube can he raised beyond the normal spark potential 
under the prevailing conditions. If at any position inside the tube a 
small number of ions is produced, the resulting ionization by collision 
causes an appreciable quantity of electricity to flow to the wire, an! 
this momentary current can be detected with an electrometer, just as 
|n the case of the point-counter described above. Nevertheless, the 
Exceedingly high sensitivity of the tube-counter makes it less suitable 
than the point-counter for the study of certain problems; for instance, 
this applies when we wish to detect a weak a-radiation alongside» 
relatively intense /?- and y-radiation. 

A third method which enables us to investigate the action of indivi¬ 
dual rays is the ‘cloud method 5 . This is based on the fact that super¬ 
saturated water vapour condenses preferably on ions. Thus, if by Beam 
of a suitable arrangement we produce a supersaturated condition oi 
water vapour in a gas space, in which an ionic track has been produced 
by a particle of radioactive origin, then in the absence of dust this water 
vapour will only condense where there are ions, and the track of tie 
particle will consequently become visible as a line of fog. The apparatus 
used for this purpose was devised by C. T. R. Wilson, and in its earliest 
and simplest form it is represented diagrammatically in Tig. 8. 
movable piston b is suddenly lowered by opening the main valve ( 
whereby a connexion is established between the vacuum chamber ■> 
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and that part of the apparatus situated beneath the piston. This causes 
an expansion in the space a, as a result of which water-vapour super- 
saturation occurs in the gas content of this space, which is maintained 
moist by artificial means. If rays enter the expansion chamber in a 
horizontal direction from a radioactive substance mounted in a side 

Movable Piston b 



ibe of the chamber, these produce ions which are of course at first 
visible. However, those ions which are formed during or immediately 
rfore or after the expansion serve as condensation nuclei for the water 
ipour that is in a state of supersaturation at that moment. Tracks 
insisting of a close array of very tiny droplets are produced in this 
ly, and since the apparatus is closed at the top by a sheet of plate 
iss, these rows of droplets are visible with suitable illumination as 
life fog tracks on a dark background. They can also be photographed, 
d by use of two cameras stereoscopic photographs can be obtained, 
means of which the path of the particle in space can be accurately 
restigated. This method has proved invaluable not only for counting 
5 particles, but also for the study of the fate of the individual particles 
ring their flight. With the aid of this method sudden changes in the 
ection of the tracks have been detected, and these have led to impor- 
Lt conclusions about the collisions occurring between the particles 
1 gas molecules (see Fig. 14, Plate I). 

Che recording of individual x-my tracks in the emulsion of a photo- 
phie plate is described on p. 32. 
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II 

THE a-RAYS 

1. Mass and Charge of the a-Rays 

As already mentioned, it follows from the direction of the deflexion 
experienced by a-rays in a magnetic field that they consist of positively 
charged particles. They are also deflected in an electric field. If ve 
combine the magnitudes of the electric and magnetic deflexions, ve 
obtain a quantity which is always very characteristic, of charged par* 
tides, viz. the ratio of the charge to the mass of the particle, or tk 
specific charge, e/m. We shall consider as the unit of charge the elemen¬ 
tary charge of electricity, i.e. that of a mono-valent ion (e = 4*8 x KH 1 
e.s.u.), and as the unit of mass the mass of a hydrogen atom 

m — 1*67 x 10~ 24 grn. 

In terms of these units we obtain for e/m in the case of ^-particles the 
value i.e. such a particle either carries a single elementary charge 
and has an atomic weight = 2, or it carries two elementary charges 
and possesses an atomic weight = 4. We are able to decide between 
these alternatives both by physical and by chemical methods. 

A luminescent screen, e.g. a surface coated with zinc sulphide, is 
caused to emit a flash of light by the incidence of every single a-partiele 
upon it. If we count these scintillations, and determine in addition ta 
much positive electricity is conveyed to an electrometer from the m 
source of a-rays under identical conditions, we obtain the amount o: 
charge carried by a single partide by dividing the second number ly 
Jjfche first. The result is found to be two elementary units of chaf 
/From this it follows that the mass of the particle has the value 4, tk 
atomic weight of helium. 

This result is confirmed by the following chemical experiment. I 
we introduce radon or some other a-rayer into a glass tube with tS 
walls (< 1/100 mm. thick) and seal it off, it is found that the a-partii 
pass through the tube. But if this tube be now enclosed in a 
evacuated tube with sealed-off ends and thick walls, we are no lonj$ 
able to detect a-particles outside the latter. The particles must tfe 
fore have been retained in the space between the glass tubes or in ft 
walls of the outer one. As a matter of fact, it has been found poss# 
to detect the appearance of helium in the intermediate evacuated spat” 
by means of the spectroscope (cf. Fundamental Experiment 5 on p. * 
The amount of helium produced by 1 gm. of radium in one year hash 
value 172 mm. 3 
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We are tlms led to the conclusion that a-particles are helium atoms 
with which are associated two positive elementary charges. 

If a-rays are produced during a radioactive transformation, then the 
process proceeds in such a manner that each disintegrating atom gives 
ise to one, and only one, a-partiele. This important fact was established 
)y means of counting experiments, in which the number of the atoms 
lisintegrating in a given time was known, and the number of a-particles 
emitted in the same time was determined by the optical method already 
eferred to, or by an electrical method. One of the best electrical methods 
s based on the fact that a momentary point discharge always occurs 
com a highly charged needle point when a passing a-partiele ionizes 
he air in the immediate proximity of the point. The method of using 
his point-counter has already been described on p. 17. 

The number of a-particles emitted per second by 1 gm. of radium, 
ree from its products of disintegration, has the value 3*7 x 10 10 , and 
'hen the radium is in equilibrium with three of its disintegration 
roducts that emit a-rays, the number is four times as large. From 
lis we can calculate how many helium atoms must be contained in 
le 112 mm. 3 of helium that are produced from 1 gm. of radium to¬ 
other with its disintegration products as far as RaD in the course of 
year. This number of helium atoms is clearly 

3*7 X 10 10 ;< 4 X 365 X 86,400 = 4*66 XlO 18 . 
ccording to the value of Loschmidt's number obtained by quite different 
ethods, there must be present in 1 c.c. of every gas at X.T.P. 2-7 x 10 19 
olecules, so that theoretically we should expect 172 mm. 3 of helium to 
ntain 2*7 x 10 19 x 0*172 — 4*65x 10 18 atoms. This excellent agree- 
snt offers convincing proof of the correctness of the atomistic concep- 
m of matter, for in the example just given it has been possible literally 
count the number of atoms which occupy a definite volume of a gas. 

Absorption Range and Velocity of the a-Rays 

we bring a preparation which emits a-rays, e.g. a surface coated with 
Ionium, near a zinc-sulphide screen, the latter is found to become 
ainescent under the action of the rays. On gradually removing the 
iparation, the luminescence of the screen suddenly ceases at a distance 
the radioactive film from the screen which in this case amounts to 
7 cm. (at 15° C.). The ionizingf and all other actions of the rays 
i disappear at the same distance (cf. however, the remarks on p. 28). 

If we introduce the radioactive dim into an 2 -ray electroscope, the two plates of 
ionization chamber being separated by considerably more than 3-87 cm., we still 
that the preparation produces an effect on the electroscope. Diffusion and transport 
le ions of the air in the electric field result in their gaining admittance to the whole 
le intervening space before recombination occurs, and hence the electroscope loses 
harge. 
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The existence of a sharply defined limit beyond which no further 
ionization takes place is a most characteristic property of the a-rays, 
The determination of this ‘range’ can he performed with great accuracy 
by a variety of methods. 

In Table 1 are collected together the various radio-elements that 
emit a-rays, together with the ranges and initial velocities of their 

Table 1 

j Ranges and Initial Velocities of a -Bays at 15° C. 
and Atmospheric Pressure 


Substance 

Range in cm. 

Velocity in cm. j sec. 

Uranium X 

2-63 

1*39 XlO 9 

Uranium IX) • 

3*18 

1*48 

Ionium .... 

3*19 

1*48 

Radium .... 

3-39 

1*51 

Radon (Ra Emanation) 

412 

1*61 

Radium A * . 

4-72 

1*69 

Radium C 

4*1 

1*61 

Radium C' . . 

6*96 

l*92 a 

Radium E (Polonium) 

3-87 

1*59 3 

Thorium .... 

2*59 

1*38 

Radiothorium . 

4*02 

1*60 

Thorium X 

4-35 

1*64 

Thoron (Th Emanation) 

506 

1*73 

Thorium A 

5-68 

1*80 

Thorium C 

4*78 

1*70 

Thorium C' 

8*62 

2*05 2 

Protoactinium . 

3*67 

1*55 

Radioactinium . 

4*68 

1*68 

Actinium X 

4*37 

1*65 

Actinon (Ac Emanation) . 

5*79 

1*81 

Actinium A 

6*58 

1*89 

Actinium C . • . 

5*51 

1*78 

Actinium C' . . . 

6*57 

1-89 


a-particles. From the last of these we can calculate the energy of 4 
particles, the resulting value for RaC' being 7*68 X10 6 electron-volt 
which is the energy that an electron would acquire in a vacuum ih 
fell through a potential difference of 7-68 x 10 6 volts. We see thattb 
a-particles from thorium have the shortest, and those from thorium! 
the longest range. The ranges given in the table are the ‘practice 
or extrapolated ranges, the significance of which is shown in Fig- •' 
the ranges of the individual particles fluctuate about a mean mif 
which is roughly 1 per cent, shorter than the extrapolated range. 

In Fig. 9 (Plate I) are shown the tracks of a very large numbeL 
a-particles of normal range from thorium C'; in addition, the track oi 




PLATE I 



Fig. 17 (p. 40). Magnetic /3-Spectrum of the 
Members of the Actinium Series (RdAc, AeX, 
AeB, and AcC). 
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rticle of the extreme long range (11-6 cm.) can he seen, as well as 
Lt of a particle of 9*S cm. range (see p. 27). 

The range is inversely proportional to the pressure of the gas, and 
ectly proportional to the absolute temperature. Hence a-rays exhibit 
y large ranges in a high vacuum. 

?o a first approximation the range is proportional [2] to the cube 
the velocity of the a-rays. The velocity, and hence the range of 
articles, can be influenced by the application of strong longitudinal 
trie fields. Thus the effect of a potential difference of 10,000 volts 
to modify the range of the a-particles from polonium in air by 
!6 mm. 

'wing to the much greater densities of liquids and solids, the range 
-particles in them is much smaller than in gases. The a-rays from 
anium. preparation are absorbed by a sheet of aluminium of thick- 
0‘018 mm., and the much faster rays from ThC' by a sheet of 
biess 0-065 mm. Accurate range determinations in liquids and in 
Is are much more difficult to carry out than in gases, but even with 
i reliable values have been obtained by special methods. For 
ciple, Table 2 contains the values found for the ranges of the 

Table 2 

Range of the a -Particles from RaC in different Metals [3] 


Metal 

Mange {jjl) 

Metal 

Range (/x) 

Metal 

Range f/z) 

Li 

141 

Si 

47*2 

•Ag 

19-8 

Be 

42-8 

K 

15D 

Sn ! 

30*1 

c 

35-1 

Fe 

19-4 

Pt 

13*1 

Mg 

59*3 

Cu 

18*2 

Pb 

25*6 



Wiea 

36-0 




tides from RaC' in several solid elements. We see that the range 
dshes as the density of the material increases. In water, the range 
i rays from RaC has the value 60-0 p, and 50-0 \l in the sensitive 
f a photographic plate. 

• the purpose of practical measurements a medium can also be 
niently characterized by the statement of its : air equivalent 5 , 
d of by the range. This term refers to the thickness of a layer 
which would reduce the range of an a-particle by just the same 
it as the medium in question, iliea, for example (density = 2*87), 
form of a thin sheet of such thickness that it weighs 1-50 mg. per 
l, has an air equivalent of 1-0 cm. (at 760 mm. and 15° C.). If 
trapolate for thicknesses which w^ould correspond to the whole 
in air, the above determined air equivalent does not always 
le correct range of the a-rays in the substance concerned. This 
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is due to the fact that air equivalents themselves are dependent on ft 
velocity of the rays, and hence one and the same sheet, introduced r 
different points of the trajectory, shortens the range in air by differ 
amounts. 

In the investigation of the behaviour of different media -with iespee 
to the same cc-rays we often take account of the ‘stopping power 
instead of the range or the air equivalent. The stopping power of t 
medium is the quantity that expresses how many atoms of a standan 
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Atomic Number 

Fig. 10 . Dependence of Atomic Stopping Power on Atomic Number. 

substance are equivalent to an atom of that medium as regards alsop 
tion. Air is usually chosen as the standard substance. What haste 
said of the air equivalent holds here also, but the idea of stoppt 
power becomes unequivocal as soon as we speak of the average stoppia 
pow r er, e.g, when we understand by the stopping power of alumiiik 
for the a-rays from RaC' that quantity which expresses how mar 
atoms 5 of air an aluminium atom is able to replace on an aimj 
throughout the whole of their path. As will be mentioned in great 
etail later, the retardation of the a-rays in their passage near to n 
t rough an atom is due to the fact that the a-particle transmits eneif 
. a * ,om5 process the electrons in the atom take up orbit 

o g er energy content, or may be entirely removed from the at® 
(ionization). The stopping power must accordingly be determine 
pnmari y by the number of electrons in the atom, and secondari 
by their arrangement. The dependence of the stopping power (s)oatii 
atomic number ( Z ) is clearly shown in Fig. 10. It is connected witM 

atomic number by the relation s = 0-563_—_ 

Th 4- * V(Z+10)’ 

e ® °PP m g power of a molecule is derived additively from those * 
cons ltuent atoms, but this relation is not strictly valid, Consifc 
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able deviations from the additive law are found only in the case of the 
lightest of the elements; thus from the stopping power of the H 2 -mole- 
mle we obtain for the H-atora the value $ = 0*200, whereas the com- 
)ounds C 2 H 4 , CoH 6 , CH 4 , when we make use of the value for C found 
rith diamond, yield the value 0-187, and from XH 3 we obtain the value 
>*173. The stopping power of water vapour is smaller by 3 per cent, 
han that of an equivalent mixture of hydrogen and oxygen [4]. For 
!0 2 and CO the additive law was found to have strict validity. As 
pplied to ce-rays of different range, the stopping pow r er of atoms shows 
nly approximate constancy. It increases with increasing range when 
le atomic weight of the absorbing substance is greater than the mean 
tonne weight of air (14*4), and it diminishes with increasing range in 
le converse case. The absorption of a compounded sheet, consisting 
■ layers of two different materials, is for this reason dependent on 
hich side of the sheet faces the source of radiation. An exact calcula- 
>n of the stopping power in terms of universal constants is possible 
those eases, for which the velocity of the incident 2 -rays is much 
eater than the velocity of revolution of the electrons in the atom that 
e responsible for the effect. Thus it is found that calculation is in 
cord with experiment in the case of the lithium atom, the stopping 
wer of which is twice that of an atom of hydrogen. 

In their passage through matter. 2 -rays suffer a very considerable 
ninution in velocity, in consequence of which the phenomenon 
scribed above arises, viz. that the 2 -rays soon lose their characteristic 
>perties (excitation of fluorescence, blackening of a photographic 
te, ability to ionize), and so reach the end of their range. If we 
regard the very last part of the track of an 2 -particle, a simple 
ition is found to exist between the velocity and the range of the 
tides. At any point of the track the distance remaining to be 
versed is proportional to the cube of the velocity at that point 
! p. 23). Thus from this relation we can calculate the initial velocity 
he 2 -rays from RaA, which we find to be l*69x 10 9 cm. sec; from 
eriments on the magnetic and electric deflexion of the rays the 
e value is derived. For purposes of comparison it may he mentioned 
; positive rays with a velocity of 2*7 x 10 s cm. , see. are able to ionize 
ugh a distance in air of about 1 mm. The velocities of the a-rays from 
various radio-elements are tabulated in the third column of Table 1 
12). The decrease in velocity of the 2 -particles from RaC' caused by 
? traversing sheets of various thickness of aluminium, mica, and air 
own in Table 3. 

i a rule, 2 -rays cannot readily be detected after their velocity has 
reduced below about 0*4 of its initial value. "Under particularly 
urable conditions, especially in high vacua, it is possible to detect 



26 


THE a-RAYS 


Chap. II,]: 


Table 3 


Decrease in Velocity of a- Particles from RaC' after passing throuql 
various Materials 


Relative velocity 

vjv a 

Mass in gm. per sq. cm. 

Aluminium 

Mica 

Air 

0*95 

1-48 X 10-“ 

1*43 X 10“ 3 

l*24xlCri 

0*90 

2*79 

2*75 

2*32 

0*80 

5*01 

4*86 

4*08 

0-70 

7-03 

6*40 

5*46 

0*60 

8*50 

7*50 

6*48 

0*50 

9-64 

8*47 

7*29 

0*415 

10*46 

9*35 

7*96 


a-rays down to 0*23 of their initial velocity (cf. p. 31, and Table » 
p. 33). It has also been possible to measure the diminution in veloeir 
and in energy of an a-partiele by determining the heating effect 
the a-rays after they have passed through a layer of gas of variat 
thickness. 

Accurate investigations have shown that for certain radio-ekm: 
the whole of the a-particles do not leave the atom with the same veloeit: 
By means of deflexion experiments in very strong magnetic Ml. 
(23,000 oersteds) a fine structure of the a-particles from thorium 
(range = 4*8 cm.) has been detected. The relative velocities an 
intensities of the individual components of this fine structure cant 
seen from the following Table 4 (cf. Table 24, p. 99). 

Table 4 


Fine Structure of the ol- Particles from ThC 


Group 

Relative velocity 

Relative intensity 


1*0000 

100 

a i 

1*0034 

30 

<*3 

0*9758 

3 

“5 

0*9624 

2 


0*9640 

0*5 


The difference in range between the first and second lines» 
amounts to about 0-5 mm. in air, that between the second andt 
relatively weak third line 3*5 mm., and that between the fourths 
fifth lines 5*2 mm. Furthermore, both actinium C and actinon« 
a-particles of different velocity. On the other hand, the a-rays emit 
by the remainder of the radio-elements are homogeneous; this 1 
been established for the rays from polonium with an accuracy of 1 
per cent. 
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n the case of ThC' and also RaC', however, it is found that a small 
rtion of the 2 -particles have a much longer range than is stated in 
)le 1. Corresponding to each million arrays emitted by ThC' there 
65 and 180 respectively with ranges of 9*8 and 11*6 cm (see p. 23 and 
9), and in the case of RaC' there are at least nine different groups 
-particles of long range, as indicated in the accompanying Table 5. 

Table o 


Velocity Spectrum of the a-Rmjs from JRaC' 


Velocity 
(in an. see.) 

Energy 

(in electron volts) 

Relative numbers 
of a-particles 

(Cf. Table 1) 



1-922 x 10 9 

7-6S x 10* 

10 « 

1*998 „ 

S-30 „ 

0-49 

2-093 „ 

9*12 „ 

16-7 

2-127 „ 

9-41 „ 

0*53 

2-146 „ 

9-5S „ 

0-93 

2-175 „ 

9-84 „ 

0-60 

2-191 „ 

9-99 „ 

0-56 

2-215 „ 

10-21 „ 

1-26 

2-242 „ 

10-47 „ 

0-67 

2*259 „ 

10-62 „ 

0-21 


Total — c. 22 (— IQ 6 ) 


? latter case these ranges are distributed over an interval up to a 
of 11*3 cm., and there are about 22 particles of abnormally long 
to each million 2 -particles emitted by RaC'. On p. 100 will be 
a discussion of the connexion between these 2 -particles of ab- 
dlv long range and the y-rays that are emitted simultaneously. 

! range of H-rays (see p. 67) accelerated in the forward direction 
3 cx-rays from ThC' is equal to 40 cm. It may be mentioned 
\ connexion that the range of H-rays is just as large as that of 
of the same velocity. Moreover, the stopping power is the same 
:h. 

e Ionization produced by a-Rays 

sequence of its large velocity, an 2 -particle possesses at the 
ing of its path a very considerable kinetic energy amounting to 
10~ 5 ergs, or roughly 10 11 times the value of the thermal energy 
Hum atom at room temperature. By virtue of this kinetic energy 
cles give rise to strong ionization along their tracks by their 
is with gas molecules. Thus an 2 -particle from RaC' produces 
:s track of length 6*60 cm., in air at atmospheric pressure and 
•20 x 10 5 pairs of ions, i.e. equal numbers of positive and of 
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negative ions. The total number k of pairs of ions produced by a 
arbitrary a-particle amounts approximately to 

k = 

where k 0 is a constant = 6-3 X10 4 , and R signifies the range at 0°C. 

The intensity of ionization of the a-particles emitted by RaC' inai; 
in its dependence on the distance from the source of the rays, isrepit 
sented in Tig. IX. It is seen that cpiite neai to the end of the trackt! 



Fig. 11. Variation of the Ionization produced by an. a -Particle 
with. Increase of Distance from the Source. 

ionization increases considerably, and then diminishes very 
; The last part BG of the graph shows a feeble tailing off, probably i 
to scattering. In consequence of this the range cannot be obtained!®: 
the graph with precision, so that it is customary to produce the recr 
linear part AB of the graph until it cuts the abscissa, and to consider! 
distance ofthispoint of intersection from the origin as the : practical 5 va!: 
of the range. In the above case the maximum value of the ionizatr 
occurs 3 mm. from the end of the track of the particle. Pig. 12 illustrate 
the alteration which takes place in the ionizing power of a-particles 
they pass through air, compared with the corresponding changes e 
perienced by the number and by the velocity of the particles. Tfe 
curves are representative of the case of the a-rays from RaC' at h 1 
If several a-rayers are simultaneously present in the source, the cf 
of ionization has a more complicated form. Pig. 13 shows the ionuatt 
curve of the active deposit of thorium. The occurrence of such a cf 
always indicates the presence of a heterogeneous radiation, or ® 
each a-transformation is accompanied by a homogeneous radiation 
bears witness of the presence of different products emitting otf? 
Just as an analysis of the curves representing the variation of act® 3 
with time (see Chap. XI) renders possible the interpretation of 8 
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ess of disintegration, so we can also make use of an analysis of the 
e of ionization for the same purpose. Thus Fig. 13 shows that there 
wo cK-rayers in the active deposit of thorium, namely ThC and ThC', 
ranges of 4*8 and 8*6 cm. respectively. 



Fig. 12. Absorption of a-Rays in Air. A : Number of Particles; 
B: Velocity; C : Ionization. 



0 1 2 J f J G ? 8 9 '0 

Range in Cms. of Air 

Fig. 13. Curve of Ionization due to Presence of two s-Rayers 


(ThC and ThC'). 


n a parent substance is in equilibrium with several disintegration 
ts, the part played by the individual disintegration products 
ling up the total ionization depends not only on the number, 
9 on the ranges of the individual a-rays. Thus the ratio of the 
on produced by ThX+Thoron+ThA+ ThC to that produced 
li is 4*59, the relative ionizations due to these five substances 
jspectivelv 1*61, 1*78, 1-92, 1*71, and 1*53. 
the energy necessary to produce a pair of ions depends on the 
)f the gas, there exist between the values of the total ionization 
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produced by an a-particle in various gases differences of varyi| 
magnitude, according to the velocity of the a-rays used. Thus for a-m 
from polonium of residual range 7 mm. we find the following relafr 
values for the total ionization (Table 6). The amount of energy expend* 

Table 6 


Relative Ionization of the a- Rays from Polonium in different Gam 


Air 



. 1 

Helium 



. 1-26 

Neon . 



. 1-28 

Argon . 



. 1*38 

Nitrogen 



. 0-98 

Oxygen 



. 1-08 


by an a-particle in the production of a pair of ions is almost independes 
of the velocity of the a-particle. In diatomic gases the ionization islet 
than in monatomic gases. Most of the ions produced possess a singi 
electronic charge. In hydrogen, oxygen, chlorine, mercury, etc., there: 
about one doubly charged ion to every 600 singly charged ions, whem 
in helium about 16 per cent, doubly charged ions have been obsera 
In Table 7 are shown the amounts of energy, expressed in electa 


Table 7 


Ionization Potentials of different Gases 


Gas 

Energy necessary 
in electron-volts 

Ionization potential 
in volts 

Hydrogen 

32-5 

15-8 

Helium . 

27-6 

24’5 

Nitrogen 

35-6 

15-8 

Oxygen . 

32-2 

12*5 

Argon . 

25-2 

15-7 


volts, which are necessary to produce a pair of ions in certain ga$ 
together with the ionization potentials of these gases. The number 
pairs of ions produced by an H-particle per cm. of its path is ® 
one-quarter of that produced by an a-particle of the same velocir 

As ^already mentioned on p. 20, the counting of scintillations,: 
addition to ionization measurements, plays a very important part 1 , 
the detection of a-particies.. The scintillation method is extraoidinan 
useful especially when we require to detect a-particles in the presence 
a strong fj- or y-radiation. Zinc sulphide screens (see p. 243) are able: 
transform up to 25 per cent, of the kinetic energy of a-particles fc 
visible light energy. Tor a practised eye about 30 quanta of greenlif 
( = 0*5 p) suffice for the unaided visual perception of a scintillation 

f When a microscope is used for counting, the energy entering the eye must be* 
300 quanta, or about 1200 quanta for reliable counting. 
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lg the a-rays from RaCf, the smallest velocity which is just able to 
rise to scintillations amounts to 13 per cent, of the initial velocity 
le rays. /?-rays excite strong fluorescence in zinc sulphide, but they 
lot produce scintillations. If, however, several jS-ravs strike the 
5 tiny zinc sulphide crystal simultaneously, sufficient luminous 
gy may be emitted to produce a visible scintillation. 

cattering of a-Rays 

) allow the a-partieles from a point source to pass in a narrow pencil 
igh thin metal foils, e.g. through a gold sheet of thickness 1/100 mm., 
then to fall on a scintillation screen held in different angular posi- 
with respect to the initial direction of the pencil, w r e find that 
ction of the a-rays is deflected through a small angle from their 
lal direction. This scattering is explained in the following way. 
*-particle is deviated through a minute angle in every individual 
through which it passes, in consequence of the electrical forces 
iling there; and when the a-particle passes successively through 
;e number of atoms in the gold foil, these atomic deviations are 
imposed to form a larger and measurable deviation. 

$ ‘scattering coefficient’ <j>, i.e. the most probable angle of deflex - 
)r a sheet of such thickness that its air-equivalent is 1 cm., is 
dent on the material of the foil, and for the a-rays from RaC' it 
le following values: 

Au Ag Cu Al 

6 — 2-U 1-5 3 M= 0*6' 

e experiment has shown that the deflexion caused by an atom 
$hly proportional to the weight of the atom, it follows that the 
cnenon of scattering is detectable mainly in the passage of the 
trough heavy atoms. <j> increases, moreover, as the velocity of 
mrtiele diminishes, and is inversely proportional to the second or 
ower of the velocity. The deviation also increases proportionately 
le- square root of the thickness of the scattering material, and the 
Lolds for its dependence on the number of atoms per c.c. of the 
ing material. 

ell as this ‘multiple scattering’ there is another very important 
f scattering, namely ‘single scattering’, which arises from the 
tion between a-particles and atomic nuclei (see p. 95). In the 
nentioned observation of scattering by the scintillation method 
bund that a few particles are scattered through relatively large 
and quite a small number that have been deflected through 90° 
re can he seen on the luminescent screen. Thus it was found that 
taC' was used as source, one particle in S,QOO w T as deflected 
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through more than 90° in the passage of the rays through thin platinim 
foil. These large deviations are the result of 'single scattering 5 , forfc 
can only originate from a single collision. The probability is vanishing 
small that the ^-particle in its passage through a thin metal sheets 
come twice or more often so effectively close to an atomic nucleus, 

If the scattering of a-rays by light atoms is observed in an kk 
mediate angular range, multiple and single scattering may be equal 
important. We then speak of 'plural 5 scattering. The relative magi, 
tude of multiple scattering as compared with single scattering depeni 
on the thickness of the scattering sheet. 

The scattering of a-particles can also be established by photograpl 
means. For this purpose the source of the rays is laid on the phot 
graphic film, and afte*' development the tracks of the particles areseei 
as a series of radial T les of blackened points (i.e. silver bromide p 
tides that have been struck by a-particles), and some of these sk 
sudden bends, someti Les through large angles. A special photograph 
emulsion has recently .been prepared, and this facilitates the detect 
of the presence of a y weak a-radiation by exposnre of the plate i 
the radiation for sc months [5]. The range of the particles can I 
determined in this . In experiments with the cloud method ft 
phenomenon of scng is very clearly revealed. Fig. 14 (Plate! 
shows not only sir k flexions but also the effect of a violent collisic: 
between an a-particlc md an oxygen nucleus. Here the a-partidem 
deflected from its or Jnal path through 76° 6', and the direction c 
the recoil track ^ the oxygen atom struck makes an angle of 45° l: 1 
with the initial dt tion of the a-particle. The photograph was obtains* 
by taking two e- sures simultaneously on the same film, so asi 
get the track of t rays from two directions mutually perpendicular 
Scattering played an important part in the investigation of the const 
tion of atoms, an$ we shall discuss it further in that, connexion. Atfc 
juncture it will suffice to mention that, from the ratio of the number® 
a-particles that are deflected through an angle. cf> from the origin 
direction of the rays to the number falling on an equal area in ties® 
time when no scattering sheet intervenes, it is possible to calc# 
the nuclear charge of the scattering element. The mean value ofvariw 
observations in the case of platinum was 77*4, whereas the corref' 
value is 78 (see p. 86); the corresponding figures for silver are 4§’. 
and 47, and for copper 29*3 and 29. 

5. Capture and Loss of Electrons by a-Rays 

If a-particles pass through a narrow slit and strike a photograph 
plate, and we observe the deviation of the beam of rays unde# 
action of a magnetic field, we obtain in general one line corres; 
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deviation of He ++ . At the highest vacua, however, a second line 
ialed, which has suffered a deviation only half as large as that 
main line, and which is produced by singly charged a-rays 
The smaller the velocity of the a-rays, the more distinct is the 
le as compared with the He^ + line. Tor the very smallest veloci- 
ire is also an undeviated line, due to neutral a-particles (He 0 ), 
s passage through absorbing atoms an a-partiele can accordingly 
p an occasional electron, and on rare occasions it may even 
i a second electron. But these electrons are soon cast off again, 
the course of the flight of an a-partiele this capture and loss of 
is is repeated several thousand times. Table 8 shows the ratio 
numbers of singly and doubly charged a-particles (He + /He ++ ), 

5 equal to the ratio of the mean free paths (A + /A + '+) of the particles. 


Table S 

aphtre and Loss of Electrons by the x-Particles from BaC' 
Initial Telocity Tq = 1-922 x 10 9 cm.jsec . 


Velocity V 

V Q Range in cm . 

1 He~,He~~ or A 

0-94 

5-79 

0-005 

0-76 

3-06 

0-015 

0-47 

0-72 

0*133 

0-32 

0-23 

0-53 

0-29 

0-17 

1*00 

0-27 

0-14 

1*5 

0-23 

o-os 

3-0 


case in the number of He-particles very near to the end of the 
also shown in the investigation of the deviability of the a-rays 
; magnetic fields as high as 40,000 oersteds. In these experi- 
is found that the curvature of the track caused by the magnetic 
s not continuously increase with decreasing velocity of the 
that it passes through a maximum, value very near the end 
ige. This result is explained by the fact that towards the end 
nge He+- and He°-particles occur, and in consequence the 
tie of the charge of the a-particles diminishes. Since a diminu- 
arge acts on the deviability of the rays in the contrary sense 
ninution in velocity, the possibility arises of the occurrence of 
mi curvature for a particular velocity. 

?ct of the change in the charge of the a-particles is also notice- 
e occurrence of fluctuations in the range of the particles. At 
?nt of their emission the a-rays from a single radioactive 
all possess the same velocity (cf., however, p. 26). As soon 
ave traversed a sheet of an absorbing substance, however, 
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sufficient to reduce appreciably their velocity, the pencil of rays begt 
to be inhomogeneous. If we determine the range by scintillation coni; 
we find that the limit at which the scintillations disappear is 
sharp, but that the number of scintillations gradually falls of! vift 
a region of from 3 to 4 mm. As measured by means of a point count 
the mean breadth of this region of straggling has been found to l 
2*95 mm. for the a-particles from ThCT in air at 15° C. and 760 an 
pressure. The breadth of straggling of from 3 to 4 mm. is but lit 
dependent on the nature of the absorbing material, and is approx 
mately just as large for a-rays of long as for those of short range, h 
fluctuations in range of the a-particles, at the end of their path, a: 
related fundamentally to the fact that both the transfer of ererr 
during individual collisions and the fluctuations in density of the gj 
molecules have a statistical distribution. 

6. Probability Fluctuations in the Emission of a-Rays 

If we count the number of scintillations produced on a scintiM 
screen by a constant and homogeneous source of radiation in intern 



Fig. 15. Fluctuations in the Rate of Emission of a-Particles. 

of, say, 15 sec. duration, we find that the values fluctuate; in someet 
they are larger, in others smaller than the average value. By ^ 
average value we mean the number which results when the number 
scintillations counted in, say, 2 hours is divided by 480, i.e. the numb 
of 15-second intervals in 2 hours. The smaller the intervals dii 
which counts are made, the greater are the fluctuations obtained. 5 
phenomenon is a particularly simple example of probability fM s 
tions, the presence of which is always demanded by the statist! 
interpretation of natural phenomena, when the magnitudes we ohser 
are only average values. 
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) abscissae of Fig. 15 show the numbers of a-particles counted in 
ond intervals, whereas the ordinates represent the number of 
.rnents of that duration in which these numbers of particles were 
.ed. The results are in accord with those found from the calculus 
babilities.t 

n the emission of ^-particles, we can also detect a probability 
ition in the measurements of their ranges. 

represents the mean value, then the probability p that n particles will be emitted 
*ii interval of time is given by 
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1. Mass and Charge of the (3-Rays 

The deflexions experienced by /3-rays when they pass between ii 
poles of a magnet or between the plates of a charged condenser sk« 
a great similarity in direction and in magnitude to those found* 
cathode rays. It has been shown by deflexion experiments in am 
netic field that, just as the cathode rays possess different velocii 
aecording to the manner of their production/!- so also we find rap. 
different velocity in the investigation of the /3-rays from radioaetr 
substances. Here, moreover, we meet with velocitiesf of mag* 
much greater than are ever reached by cathode rays; thus witlBi 
there are ,3-rays with a velocity 0-998 of the velocity of light. In am: 
dance with the theory of relativity the mass of a body is dependent: 
its velocity of translation. In practice this dependence does not bee® 
manif est until the velocity is very considerable, i.e. of the order 
magnitude of the velocity of light.|| Thus, in the case of ,8-rays oik 
velocity, we are led to expect a marked dependence of the massoi 
/3-particle on its velocity, and this has been established, in compk 
accord with the demands of the theory of relativity. Correspond^' 
we differentiate between the ‘rest mass’ and the ‘translational ® 
of /3-particles, i.e. the mass of the particle in motion. For the fonneru 


j When they leave the cathode the electrons already have a mean thermal ®k 
of 1*725 X 10“ 4 T electron-volts. 

J Apart from the velocity of an electron (*y) measured in. cm./sec., use is frequet- 
made of the ratio (vjc) of the electronic velocity to the velocity of light as a roe® 
of the velocity. In calculations, especially for small velocities, we frequently la 
recourse to the velocity expressed in volts (7), i.e. that difference of potential in $ 
through which an electron originally at rest would have to fall in vacuo in order to atts 
the velocity v: 


7 = 511,000 


it-sr- 


A further measure of the velocity which is often used when the velocity is i~— 
the magnetic-deflexion method is the product of the magnetic field strength (A* 
the radius of curvature (r): 

Er = 1,702 

jj The mass m corresponding to the velocity v is given by 


v/c 

Va-^/c 2 )* 



where ra 0 = the rest mass, c = the velocity of light. Whereas particles with a veof 
1/10 that of light only show an increase in mass J per cent, greater than that oft jp 
tides at rest, the value of m for particles with 0*998 of the velocity of light is 15'S" 
the value of m Q . 
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value was found as for tlie rest mass of a cathode-ray particle, 
*105 )<10" 28 gm., which corresponds to 1/1,837 of the mass of 
>m of hydrogen. Thus we conclude that jS-rays consist of rapidly 
g electrons. 

en /3-rays fall on a positively charged electrometer they discharge 
verselv, a preparation emitting 8-rays becomes positively charged 
it is insulated in vacuo , as can he shown by connecting it to an 
uneter. Using radium preparations, and exercising great care as 
insulation, it is possible in this manner to attain a charge corre- 
ng to a potential of —150,000 volts (see also the 'radium clock', 
>. It is possible to determine the number of /3-particles emitted 
nown quantity of radium, by noting the charge acquired by an 
meter to which it is connected, in consequence of the escape of 
cles. Another method of counting /3-particles is based on the use 
point counter (p. 17), which is also used with advantage for the 
lg of ^-particles, as mentioned on p. 21. 

re case of ^-transformations we saw that one atom emits only 
jarticle, and it is likewise found that in the transformation of a 
■ such as RaB or RaC each disintegrating atom emits only one 
?le. From the combined amounts of RaB and RaC in equilibrium 
gm. of radium (2x3*7) :< 10 10 /?~particles are emitted in each 
(cf. p. 21). The simplicity of the conditions prevailing in such 
lents is very much masked by the occurrence of secondary rays, 
shall discuss this when we are dealing with secondary rat's. 

orption and Velocity of (3-Rays 

ending to their large velocity, the penetrating power of most 
s considerably greater than that of x-rays. In their passage 
matter, the intensity of the rays gradually diminishes, and the 
is of the layer by which they are 'completely 5 absorbed depends 
nail degree on the delicacy of the absorption measurements, 
ion to the hardness of the rays. 

the investigation of the /3-radiation from RaE, for instance, 
as abscissa the thickness of the absorbing sheet of aluminium, 
irdinate the ionization produced by the radiation, we obtain 
regular graph. The values of the ordinates diminish in geo¬ 
progression as the abscissae increase in arithmetical progres- 
he intensity of the radiation is reduced to half its value in its 
hrough a layer of thickness 0*16 mm. Al, after passing through 
mm. it is reduced to a quarter, and so on. Accordingly, the 
le thickness 5 of aluminium for the 8-rays from RaE has the 

crease in the radioactivity of ever}' simple disintegrating radioactive substance 
according to the same type of curve (see graph B in Fig. 41, p. 128). 



38 


THE p-RAYS Chap,! 

value 0-16 mm. The steeper the downward slope of the aboTe-« 
tioned absorption curve, the more easily are the rays absorbed, andi 
smaller is the value of the half-value thickness. Instead of the k 
named quantity we often consider the ‘absorption coefficient’, use 
, , A 0*693 

designated by /*,f and equal to j^J^Xue thickness* 

The absorption curves do not always show the simple form p 
described, which can be represented mathematically by means oi 
single absorption coefficient; for their interpretation it is often nee® 
to ass um e the existence of a mixture of rays, i.e. different absorpti 
coefficients. Thus the |3-rays from EaB exhibit the absorption cue 
cients 13, 77, and 890 when they are passed through aluminim 1 
absorption coefficients of different /3-rays in aluminium are given 
Table 9. 

Table 9 


Absorption Coefficients of different fi-Rays 


Radio-element 

Absorption coefficient 
[x in aluminium 

TJX x 

460 

TXo 

18 

Ba . 

312 

BaB 

13, 77, 890 

BaC -j- RaC" . . 

13, 50 

BaD 

5,500 

BaE 

43 


When the absorption coefficient is small, the half-value thickness 
large, i.e. the penetrating power is large; for this reason such rap 
also called "hard’, in contradistinction to the easily absorbed ‘soft flj 

If we investigate the absorption of one and the same /3-rafc 
in different materials, we find that the absorption coefficient incres 
with the density of the absorber, but that the ratio of the two quantfc 
is not strictly constant. Table 10 contains a number of values oft 
ratio of the absorption coefficient to the density, or the mass-absorptj 
coefficient, for a variety of solid elements, and for the /3-rays from I 
whereas Table II gives a comparison of the absorption coefficients 
/3-rays of different hardness in air and in carbon dioxide. 

The absorbing power of a chemical compound is built up addituf 

t If I 0 is the intensity before absorption, and I the intensity after the 
passed through a layer of thickness d, then I = I Q e~^ d , where / u. = the absorption 

eient. Putting I = ~, we find p = cm." 1 Thus the ‘ half-value thick® 

is related to the ‘absorption coefficient’ in the same way as the ‘half-value 
the ‘ disintegration constant \ (Of. p. 127.) 
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Table 10 

Ratio of the Absorption Coefficient to the Density of the Absorber 

Absorption coefficient 


Substance 

Density 

density 

Carbon« 

1*8 

4*4 

Sulphur 

2*0 

6*6 

Boron . 

2*4 

4*65 

Aluminium , 

2*7 

5-26 

Barium. 

3-S 

8*8 

Iodine . 

4-9 

10*8 

Tin . . . , 

7-3 

9*46 

Copper. 

S-9 

6-8 

Lead 

11-3 

10*8 

Gold . 

19-3 

9*3 


Table 11 

bsorjjtion Coefficients of different fi-Rays in Air and in Carbon 
ioxide (at 1 atmos. and 22 : C.), arranged in decreasing order 
hardness of the jS -Rays 


Badio-ehment 

Air 

Carbon dioxide 

ThC-ThC" 

0*0068 

0*0129 

BaE 

0*0152 

0*0297 

ThB 

0-090 

0-142 

rx.-ux. 

0*12 

0-23 

EaD 

0-64 

1-69 


lose of its elementary constituents, but in tlie case of hydrogen 
mds there exist deviations from this rule. 

ige of the (3-Rays, p-Ray Spectra 

it he expected that in the matter of absorption /3-rays would 
similar behaviour to 2 -rays. It is found, however, that /3-rays 
by the various radio-elements are absorbed in their passage 
matter according to the same laws as are rays of light (ef. 
This behaviour is accounted for by the fact that the 3-rays 
by a radio-element do not possess a definite velocity like the 
but show a continuous velocity spectrum, which is discussed 
14. With the aid of a magnetic field the continuous spectrum 
analysed into its component velocities, and in this way the 
’ of the individual components can be evaluated. The energy 
ion in the continuous /3-ray spectrum of a few radio-elements 
?en from Fig. 1G (cf. also the discussion on p. 103). The analysis 
in a magnetic field yields the further result that a line spectrum 
:ies is found to be superimposed upon the continuous spectrum. 
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It may lie mentioned, in advance that the continuous spectna 
j8-rays originates in atomic nuclei, whereas the line spectrum is p 
duced in the electronic shells of the atoms. These questions arei 
cussed in greater detail on p. 101. Each line in the magnetic t 
spectrum of /3-rays (cf. Fig. 17, Plate I) corresponds to a homogeit 
radiation, i.e. to rays of definite velocity. When we investigated 
sorption of such a jS-radiation in aluminium we obtain graphs that: 
almost straight lines, at least in the earlier stages of absorption. Fig 



Pig. 16. Energy Distribution in the Continuous/8-Ray Spec¬ 
trum of Various Radio-olemonts. 

shows the absorption of /3-rays having a velocity of 0-83 that oft 
In order to obtain a magnitude analogous to the range of a-rays. ■ 
may produce the line AB. The distance from the origin to it 
represents the 'practical’ range of the /3-rays, i.e. the thickness of? 
layer of aluminium sufficient to absorb practically all the /3-rays. I 
approximate rectilinear form of this graph is the result of two sup. 
imposed processes, the process of scattering and the diminution of' 
velocity of the rays. (For details, seep. 47.) On replacing the aluinini 
by paper, which has a smaller scattering power, the graph ass® 
somewhat concave form, whereas lead, which has a larger scatter 
power, gives a convex form to the graph, relative to the origin. 

Fig. 19 shows the 'practical 5 range of /3-rays of different velocity 
aluminium. Along the abscissa axis are plotted the velocities 
fractions of the velocity of light—and the ordinates represent the it 
measured in gm. of aluminium per sq. cm.f The product of the n 

t ^-h th.0 case of aluminium with, a specific gravity of 2* 7, 1 gm. per scp cm. corr^J' 
to a thickness (range) of 3*7 mm. 




PLATE II 



50 


20 10 

X10 4 cm Al 



Fig. 21 (p. 45). Scattering of j3-Rays after passing through 
Aluminium Foil. 
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he density of the absorbing material is practically independent 
material. The stopping power of an atom is roughly proportional 
e atomic number, but more accurate investigation reveals a 
lieity of the stopping power. The presence of a well-defined range 
/3-rays can also be shown by cloud photographs. Thus the jS-rays 
RaD comprise two strong /bray groups having velocities eorre- 
ing to 34 and 39 per cent, of the velocity of light, and having 
es correspondingto 31,000 and 43,000 volts respectively. The cloud 



Fig. IS. Absorption of Homogeneous $-Rays in Aluminium. 
<Vc= 0-831). 


iph (Fig. 20, Plate IDyhows two mean ranges of 0*8 and 1*58 cm. 
al pressure and room temperature. We are here dealing with 
mges, or the real lengths of path traversed by the electrons 
hey are completely stopped. The curves that represent the 
ace of the logarithm of the ionization current on the thickness 
ial traversed, or the logarithmic absorption curves for jS-rays, 
rally straight lines. Because of this fact it was at one time 
d that we were here concerned with homogeneous rays. That 
it true follows from what has been said above, and also from 
:hat if, instead of deriving the absorption curve by measuring 
ation current with the aid of an electroscope, we make use 
v T counter (see p. 37), the resulting curve is no longer strictly 
ial in form. In the interpretation of this result, however, we 
e into consideration that the counter indicates a smaller 
>f the scattered electrons than the ionization method, and 
reater efficiency of the slower particles in producing ionization 
active in the case of the counter. 
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The investigation of magnetic spectra resulted in^the detection of 
large manifold of lines, of which, in the spectrum of RaC for exampt 
tire existence of 63 has been established. (See also p. 101.) Theft* 
o ravs ( o-998 of the velocity of light) were detected in the magnet 
snectrum of RaC, whereas in the spectrum of ThC indications aref« 
of the existence, along with other lines, of /3-rays of velocity only fc 



Velocity of the (3-rays in fractions of the velocity of light 

Big. 19. Range of various j8-Bays in Aluminium. 


of the yelocity of light. In their passage through matter ^-partic 
suffer a considerable diminution in velocity, this amounting to 30; 
cent, when rays of velocity 0*95 that of light pass through 2 Bin. 
aluminium. In consequence of the diminution in velocity, the value 
the coefficient of absorption also alters during the passage of then 
through matter. The thickness of the half-value layer is moretu 
ten times smaller for rays of two-thirds the velocity of light tta 
those which possess a velocity 95 per cent, of that of light. Tfep 
ence of the squares of the energy before and after penetrations 
absorbing layer is roughly proportional to the thickness of the lap* 
The decrease in velocity experienced by jS- and a-rays wlenJ 
pass through matter is essentially connected with the character 
frequency of the electrons in the atoms, in a similar manner to 
phenomena of refraction and dispersion. 
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’he Ionization produced by p-Rays 

tides ionize the gas molecules lying in their track when their 
ity is not less than a certain minimum value, which in air amounts 
0071 of the velocity of light; for in order to ionize, the particles 
have a certain minimum amount of energy. We can also consider 
advantage the energy instead of the initial velocity of the /3-par- 
, and since the energy of an electrically charged particle is equal to 
:oduct of its charge and potential (eT). and the charge of a /3-particle 
• ays constant and equal to the elementary electronic charge, we 
ilso introduce the potential difference (F) in place of the energy 
ich it corresponds.! In these units the above-mentioned minimum 
ty corresponds to a potential difference of 13 volts. If we en- 
ur to ionize air by means of cathode rays, to which we impart the 
larv energy by accelerating them in a potential drop of sufficient 
tude, we find that a potential difference of 11 volts is necessary 
er to obtain ionization of the air. This quantity is known as the 
tion potential! of air. That of hydrogen has the value 13-5 volts, 
lat of helium 25 volts. 

pite of their large velocity, the ionization produced in a given 
by /3-rays is much weaker than that effected by a-rays. A 
file with a velocity of about 0*9 that of light produces in air at 
ffierie pressure 55 positive and an equal number of negative 
k r cm. of its path, or only about 1 200 the number produced by 
irticle. Since a /3-particle collides with 8.400 atoms in each cm. 
>ath in a gas at atmospheric pressure and normal temperature, 
led to the conclusion that only about 1 per cent, of the atoms 
are ionized. The large velocity of the /3-rays influences very 
urably the yield in ions. As the velocity of the rays decreases, 
nber of ions produced increases considerably, but below a velo- 
0*024 that of light, at which velocity 7.700 ions are produced per 
begins to diminish. Corresponding to complete absorption, a 
le of energy represented by 300.000 to 350,000 volts produces 
3out 10,000 pairs of ions; the mean value of the number of pairs 
produced per 1 cm. of path is about 70 at normal pressure. For 
f 39 per cent of the velocity of light (43,000 volts) it lias been 
to establish by means of the cloud method the formation of 
nary ions per cm. of the path of the particle. If we take into 

diysieal meaning of this difference of potential is that the 3 -particle would 
ired the same kinetic energy if it had traversed a difference of potential of 
itude, and without having an initial velocity. (Cf. the footnote on p. 36.) 
mization potential can also be defined as the potential with which we have to 
he elementary charge in order to arrive at the work that must be performed 
an electron from its normal orbit within the atom to an infinite distance. 
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account that the secondary ionisation amounts to about four thrua; 
primary ionization, the total number of ions produced by ^ 
jS-particle along the whole of its range in air can be calculated to 
about 1,000. The energy expended in the production of a pair ofi 
corresponds to about 32 volts. Since the ionisation potential of: 
nitrogen molecule is only about 10 volts, we must conclude fromt 
that a considerable part of the energy handed over by a quickly mot 
electron in its collision with, molecules is utilized in performingi 
other than ionization, as in the excitation of molecules and sin 
processes. 

For velocities not exceeding about 40 per cent, of the velocity 
light, the diminution in the velocity of electrons effected by si 
thicknesses of matter is inversely proportional to the cube ot: 
velocity. In the case of platinum, the constant of proportional 
about four times as large as with aluminium. For very large vete 
(85 to 95 per cent, of the velocity of light) the decrease in the enc 
of the electron is proportional to the thickness of the layer ofmtf 
traversed. 

The number of ions produced per 1 cm. of path in one and the a 
' gas is proportional to the density of the gas, so long as the gas is st¬ 
ated; for different gases the proportionality between the mmife 
ions produced and the density is only approximately valid. Theal 
numbers have reference to the total ionization caused by /3-rays. 
general, the primary ionization amounts only to a fraction of the fe 
ionization, and it arises by virtue of the fact that the primary /3-part 
ionize individual atoms. The number of these initially ionized ate 
can he evaluated by means of the cloud method, for a water ta 
is associated with each ion. The evaluation, of the number of dropl 
along the path of a /3-particle of one-third the velocity of light ft 
for the number of primary pairs of ions produced about 90 per® 
atmospheric pressure. This number is roughly inversely propori 
to the square of the velocity of the particles. 

5. Scattering of (3-Rays 

Whereas the scattering experienced by a-rays in their passage tto 
matter is detectable only by accurate observations, and is in pract 
without influence in absorption measurements, scattering is very®! 
tant in the. case of /3-rays, and it is not permissible to neglect it. 5 
the ionization produced in an electroscope by /3-rays that have p 
through an absorbing layer of, say, aluminium foil is considerably^ 
when the foil is situated in the immediate vicinity of the electros® 
t an when it is immediately in front of the radioactive source, tf 
is usually placed at a distance of several centimetres from the eW 
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In both cases a fraction of the rays is scattered in traversing 
miinium foil., but whereas in the former case almost the whole 
scattered radiation also enters the electroscope, in the latter it 
ot. 

exceedingly intense scattering experienced by /brays even when 
iss through quite thin sheets of aluminium is shown very clearly 
photographs reproduced in Fig. 21 (Plate II). 
e photographs were obtained by allowing the /8-rays emitted by 
nillicuries of radon to pass through a small circular opening, 
m to fall on a photographic film wrapped in black paper. When 
erimental vessel was evacuated during the exposure, the pencil 
was registered on the developed film as a sharply defined c-ir- 
itch of blackening. The introduction of a sheet of aluminium 
0*7 X 10~ 4 cm. thickness in the path of the rays was sufficient, 
in the figure, to produce a distinct scattering of the rays, i.e. 
ution in sharpness of the edge of the area of blackening. For 
am foil of thickness 50 X 10~ 4 cm. the scattering was already so 
that the central spot is almost invisible. Of course the total 
r of the rays remained practically unaltered, but in the latter 
was distributed over so large an area that the blackening 
posed on that resulting from the y-rays vanished, 
he purpose of determining the magnitude of the scattering 
by different substances, we first measure the ionization I 
1 in a /3-ray electroscope by a /braver sitnated on a supporting 
le thickness of which is as small as possible. The resulting 
n is produced exclusively by particles that enter the eleetro- 
•ectlv. If we now place a sheet of the substance under investiga- 
nediately beneath the radioactive source, some of the rays 
in the downward direction, which do not under normal cur¬ 
ves reach the electroscope, are now deflected upwards by the 
consequence of scattering, and the total resulting ionization /' 
metroscope is greater than I. The ’percentage reflection 5 from 

S: is given by 100 —-—; it increases considerably with the 

eight of the reflector, as can be seen from Table 12. The data 
rence to the /brays emitted by RaE, and correspond to thick 
the reflectors. 

mber of particles reflected increases with increasing thickness 
et, from which it follows that the reflection does not take place 
rface of the reflecting substance as in the case of light rays, 
h a way that the /brays, in penetrating the atoms of the reflec- 
Eten so strongly deflected from, their path that this deflexion 
esemblanee to reflection. The deviation of the /brays is a 



46 


T UK ft - K A V S 


consequence of the electrical forties existing within the atoms, ani 
shall return to this subject on p. 79. The particles reflected ini 

Table 12 

Reflection of the fi-Rmjs from RaR from different Substance 


Substance. 

Atomic, wei(jlit 

Vvrccnlatje. njkcti 

Bi . 

209-0 

70-9 

Pb . 

207-2 

70-2 

Au 

197-2 

()7-S 

Ag 

107-9 

r> 7-4 

Cu . 

r>:M) 

44-7 

S 

32-1 

42-1. 

A1 

27-1 

no-o 

C 

12-0 

17-1 


manner now pass through the atoms of the reflector in then 
direction, and so reach the electroscope. The increase in them 
of the reflected particles ceases when the thickness of the reflect 
sheet is sufficient completely to absorb the ref lected /3-particlesinn 
return journey through it. 

For thin layers it is found that the mean angle of deflexios 
^-particles after passing through a layer of thickness x is propori 
to the square root of x. For very small thicknesses the scattering! 
than would be required by the square-root relation. If we comp 
the scattering in different elements for very small thicknesses, we! 
a greater scattering for elements of large atomic weight than i 
result if it were proportional to the atomic number. The most pro! 
angle of scattering is inversely proportional to the energy of the k 
hut this relation has not yet been firmly established for high yelocii 
Every /3-particle in its passage through atoms suffers as a rale 
a teration both in its direction and in its velocity, energy being f 
up m the process to the atoms traversed. The diminution in v* 
is brought about mainly by the electrons of the atom, and the chi 
m Action by the influence of the nuclei. The electrons in tie a: 
are thus chiefly responsible for the absorption of the frays, and 
a omic nuclei for the scattering. As with a-rays (see p. 31), wed® 
tiate here also between ‘single’, ‘multiple’, and ‘plural’ scatter 
l very thin sheets the larger deviations arise as a result of a® 
e ementary process. There is then a very small probability tfe 
par ic e will suffer more than one elementary deflexion of the orfe 
magnitude under consideration; simple or single scattering rest 
sca btering can be rendered visible by thei 
°f investigation as sudden bends in the tracks of eW 
(.mg. 20, Plate II). The less probable the single deflexion weoltf 
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greater the deflexions on which we focus our attention, the 
ill be the thickness of the sheet up to which we encounter true 
mattering. The reverse holds for true compound or multiple 
y. This can only be expected for small angles of scattering 
thicknesses of the scattering material. The directional distri- 
‘ the scattered electrons can be approximately reproduced by 
Gauss's law of errors. If the total deviation is composed in 
f more than one single deflexion, but at the same time the 
f single deflexions is not large enough for the strict application 
s distribution law, we then speak of the process as one of 
tiering. 

radiation falls perpendicularly on a sheet of material we 
inquire as to the amounts of it which leave the sheet respec- 
the emergence and on the incidence sides. Tor arrays the 
that practically the whole of the radiation leaves the sheet 
ergenee side. With /J-rays, on the other hand, an appreciable 
f the /3-particles is scattered in the backward direction; in 
before the velocity has diminished considerably with increas- 
less of the sheet, the number of electrons emitted on the 
side already falls of! because of this process of backward 
There occurs what we might call a backward diffusion of 
With the help of similar considerations to those indicated 
^ of jt-rays (p. 32), we can calculate the magnitude of the 
arge of the atoms responsible for the deviation, from the 
of the individual deflexions of /3-rays. The evaluation of 
n of the particles deflected through more than 9('F yielded 
* 1 for the nuclear charge of the oxygft atom. The absorption 
(see p. 37). or more correctly the ‘coefficient of weakening’, 
lved into two components, the true coefficient of absorption 
efficient of scattering. The ‘atomic absorption coefficient’, 
uct of the true absorption coefficient and the atomic number 
the density, is approximately constant within a period of 
system of classification of the elements. 

ison of the Absorption and Scattering of a- and (3-Rays 

e velocity of all the ^-particles emitted by a unitary sub- 
RaF diminishes uniformly in their passage through matter, 
pencil of rays remains homogeneous and the number of 
actically unchanged, the behaviour of /3-rays is different, 
and more particles are cut out by scattering during the 
l, and hence in the later parts of the path the ionization is 
a small fraction of the particles emitted by the radiating 
j effect of this decrease in the number of the ^-particles is 
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greater than that of the increase in the ionizing action resulting} 
the reduction of velocity (see p. 43), and hence the ionization cunt 
which the ionization is plotted as ordinate and the velocity of tier 
as abscissa, show a downward trend from the beginning onwaii 
/3-rays, in contrast to the curves for re-rays. Much a curve of ion® 
for /3-rays, and hence also the curve of absorption, is the result ofraj 
factors, such as the decreasing number of the ionizing particles,- 
mag nitude of the ionization produced by a /3-particle whichat; 
increases as the velocity of tho particle diminishes, and the additi 
ionizing action of the scattered /3-particies. These last include! 
those resulting from the action of the nuclear charges, and those; 
have been scattered by the electron slid Is of tl ic atoms traversed. I 
they traverse matter, homogeneous /3-rays thus become appreti 
heterogeneous quite near the beginning of their path, and the exp 
tial form of the ionization and absorption curves of these rays it 
the resultant of the various contributory processes mentioned. Wei 
further take into account that, whereas tho velocities of all b 
re-rays are of the same order of magnitude and lie between If 
and 2-1 xlO 9 cm./sec.,j‘ the /3-rays embrace a much bigger rang 
velocities. /3-rays can be detected with, energies of less than lft 
and of more than 2x10° e.V. On the other hand, if we folloi 
the tracks of ‘single’ /3-particles, we obtain just as definite a ra® 
with a-rays. Tor very slow electrons of velocity 25 c.V. or lesstheaS 
of the rare gases are almost completely transparent; the mean 
path of such electrons is thus abnormally large (Ramsauer effect- 

t The energies of a-partielos -with those limiting velocities aro respectively4-1 
e.V. and 9-2 x 10° e.V. 
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IV 

THE y -RAYS 

Stature of y-Rays 

i type of rays that we encounter in the investigation of radio- 
ocesses is the y-radiation. This is influenced neither by the 
of electric nor magnetic fields, and it presents a radiation 
l nature to that of light, in contrast to a- and j8-rays, which 
' particles projected rectilinearly from radioactive substances, 
le spectral resolution of X-rays has been effected with the aid 
rence phenomena in crystals, the application of the same 
o y-rays has also met with partial success.t 
a cylindrical pencil of X- or y-rays is incident on a crystal, 
X- or y-rays are emitted in different directions from the parts 
'stal involved, in a similar manner to the way in which rays 
re diffracted from a diffraction grating. We can picture the 
n of the diffracted X-rays most clearly by regarding it as a 
of the original rays from the lattice planes in which the atoms 
ed within the crystal. If only one such crystal plane were 
the X-rays would be reflected independently of the c colour 9 
mgth. There are, however, innumerable such lattice planes 
uior of a crystal, always separated from each other by equal 
cl. The more or less penetrating X-rays manage to reach 
lese planes, and the radiation is reflected at all of them. These 
ays suffer interference and annul each other, with the evcop¬ 
se rays for which the following simple relation exists between 
^-length A, the glancing angle <£, i.e. the angle between the 
iv and the lattice plane, and the distance d separating two 
res: 

?iA = 2d sin 6. 

session n is an integer 1, 2, 3, etc., and indicates that reflec- 
so take place for those angles the sines of which are double, 

, that of the smallest effective angle. The intensity eorre- 
o these successive integers, however, becomes smaller and 
st as in optics the spectra of the second, third, etc., orders 
K-essively weaker. In fact, the formation of X-ray spectra 
bed is analogous to the resolution of light by means of a 
be 'grating constant 5 is here the distance between two adja- 
‘ planes in the crystal, and it is of a much smaller order of 

‘-length of the ‘hard’ -/-radiation is so small that even crystals are of no 
liffraetion gratings. 
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magnitude than in optics, owing to the much smaller waye-lengi 
the X-rays. For instance, in the ease of a crystal of rock salt, dmt 
to only 2-80 X 10“ 8 cm., whereas the grating space of a Rowland p 
is about 10" 4 cm. If we rotate the crystal whilst a narrow pena 
* continuous 3 X-radiation is incident upon if, say from an X-ray t 
we find that for each of several definite values of the angle ^ afe 
geneous X-ray ‘ colour 3 is reflected with particular intensity, andsi 
posed on the uniform scattered radiation which shows up as a mi 
ous background in the spectrum. The presence of such an X-rayspec 
line can be recognized either by means of a photographic plate,? 
a sharp line appears, or by means of an electroscope, which experk 
a sudden increase in its discharge rate for each effective settingof 
crystal. A point-counter can also be effectively utilized for this purp 

If <f> and d are known, we can obtain directly from the form* 
value of the wave-length A of the X-ray or y-ray line in question, 
example, it is possible by the method described to establish the ei 
of 23 separate lines in the y-spectrum of RaB + KaC, their wave-let 
lying between 5 and 3,000 X-units, where 1 X-unit = 10~ u cm, 
the case of y-rays of very short wave-length other methods are gene 
used instead of the method of crystal, analysis, because the scatte 
then takes place within the individual atoms and not from thek 
planes. One other method that leads us more satisfactorily! 
objective is based on the calculation of the wave-length of they? 
from the energy of the secondary fi -rays produced by them (seep.l 
A third method is based on the calculation of the wave-length oi 
y-rays from their absorption coefficient (sec pp. 52 and 99). 

Table 13 shows the approximate wave-length ranges for various! 
of radiation, including the y-rays. 

Table 13 

Wave-lengths of the various Electromagnetic Warns 


Type, of rays 


Wavc-Unyth in cm. 


Electric waves 
Infra-red waves 
Visible light waves. 
Ultra-violet waves . 
X-ray waves . 
y-ray waves . 
Cosmic ray waves . 


From oo to 8 X 10“ 3 

nr* to 8xK)" & 
8xnr 8 to 4x10-® 

4 x I0“ 5 to I0“ 7 
10-«tol0-* 

10" 8 to about KT 11 
down, to about 10" u 


2. Absorption of y-Rays 

The shorter the wave-length of the y-rays, the greater is their P® 6 
ing power through matter, or the greater their ‘hardness’. If® 
the thickness of the layer traversed as abscissa, and the inteDSff 
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[iation as ordinate, we again obtain to a first approximation an 
ntial curve,t as with the /3-rays. But here the absorption co- 

; ji is usually much smaller, or the half-value thickness 

i larger. Whereas the intensity of the most penetrating /?-radia- 
1s to half its initial value after the rays have passed through 
. of aluminium, a sheet of lead of thickness 1*5 cm. is necessary 
?e the intensity of the hardest y-rays to half its value, t 
increasing density of the absorbing substance the absorption 
nt generally increases, and the ratio between absorption co- 
and density is found to be approximately constant, even for 
Is like gases and heavx r metals whose densities are so widely 
Hence for a gas the absorption is proportional to the density, 
ent of the deviations from this proportionality can be seen 
ble 14, in which are given for different substances the absorption 

Table 14 

on Coefficient in Different Substances of the y-Rays from RaC 


Substance 


V- 

density 

Hg . 

0-621 

0-045 

Pb . 

0-533 

0-047 

Cu . 

0*395 

0-044 

Fe . 

0*356 

0-045 

Sn . 

0*299 

0-041 

Zn . 

0*322 

0-045 

A1 . 

0-126 

0-047 

S . 

0-091 

0-046 

Water 

0*055 

0-055 

Air at 15=C. . ' 

4*64x IQ" 5 

0-037S 


t /x of the rays from RaC, and the mass absorption coefficient 

The softer y-rays from RaC were eliminated by the introduc- 

filter of lead 4 cm. thick. The substances are arranged in the 
decreasing density. The number of electrons present in the 
f great importance in connexion with the ability of an atom to 
re intensity of y-rays, but even if we calculate the weakening 
on, a dependence on the atomic number is still manifest. The 
a effect of a compound is obtained by adding together those 
ividual atoms present. 

;ain we have I — 2 I} where J Q is the intensity before transmission through 

s x, and I is the intensity after transmission. 

ance, in order to reduce the intensities of the a.-. 3 -, and y-rays from the active 
tiorium to half their values, we require 0-003, 0 * 2 , and 15-0 cm. of paper 


0*69S \ 
P ) 





52 


THJ3 y-KAYS 


Between the coefficient of absorption /<, and the wave-length M 
exists a relation which is quite well represented by the equation 

fi ~~ ylA 2 ' s . 

When we are dealing with homogeneous rays the wave-length® 
directly calculated from the coefficient of absorption by means oi 
equation. The value of the constant factor A depends on tlienai® 
the absorbing substance. This relation is no longer valid for very! 
y-rays. 

3. Scattering of r-Radiation 

In their passage through matter y-rays are reduced in intensity! 
variety of ways: (a) they produce recoil electrons, as a result obi 
the radiation, suffers a diminution in frequency (Compton effect,# 
57); ( b ) they lose energy by the production of positrons (p. 72; (cjt 
produce photo-electrons. A further complication of the condition, 
absorption is caused by the fact that in the course of some of the at 
mentioned processes y-rays or recoil rays occur*, and these are alt 
the radiation. Thus the positrons produced by the rays disappear’ 
production of a homogeneous y-radiatiori (sec p, 7:2), which is a# 
the original radiation. Moreover, the production of character^ 
rays accompanies the liberation of photo-electrons, and these I: 
will likewise manifest themselves in the weakened beam of rail 
When y-radiation traverses very thick absorbing layers the occur 
of a very hard X-radiation is also observed, which, was not origin 
present, and which arises from the production by the recoil elect 
(Compton electrons) of a very hard impulse radiation. For liglitelen- 
the absorption takes place primarily by virtue of the Comptonp» 
Thus for the y-rays from ThC" the reduction in intensity in aimA 
due to the production of positrons amounts to only 1 per cent. of T 
brought about by the Compton process; in the case of iron the* 
is 7 per cent., and for lead it is as high as 22 per cent. Theabsoif 
resulting from the liberation of photo-electrons in lead amounts! 
per cent, of the Compton absorption in the same metal. 

Whereas the Compton absorption per electron is independent! 
atomic number of the absorbing element, the calculated absorf 
per electron due to the liberation of positrons is directly proport 
to the atomic number, and the absorption due to the product 
photo-electrons is roughly proportional to the fourth power oi 
atomic number, except in the case of the heaviest elements for 1 
the increase is less rapid [1]. The ratio of the frequency of occurs 
a Compton scattering process and a photo-electric process in® 
rapidly with increasing hardness or diminishing wave-length 
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F the absorbing substance is uranium, then for rays of wave- 
24-4 X.U. the above ratio is almost unity, whereas for the 
y-ravs of wave-length 5*6 X.U. the frequency of a scattering 
is twenty times greater than that of a photo-electric absorption 
In light materials such as carbon the role of scattering is much 
till, for here the above-mentioned ratio has the respective values 
id 80,000. In such materials, for short-wave y-rays like the 
component of the radiation from RaC, true (photo-electric) 
on fades into insignificance as compared with scattering. When 
ely thin filter is used in conjunction with the rays, the absorp- 
fficients are found to depend appreciably on the absorbing 
this being ascribed to the absorption of the softer coirt- 
of the radiation. The diminution of the full absorption co- 
or the hardening of the y-rays from radium after transmission 
lead filters of increasing thickness is shown in Table 15. 

Table 15 

n of the Full Absorption Coefficient of the y-JRays from Radium 
'with the Thickness of the Lead Filter 


cm. Pb 

Vai 

Ppb 

0 

0176 


0-5 

0-153 


1-0 

0-144 

0*715 

o 

0-137 

0*615 

2-5 

0*135 

.. 

3 

0 -129 

0*540 

4 

0*126 

0*533 

7 

•* 

0-533 


1 thorough investigation shows that, in general, the y-radiation 
y the individual radio-elements is not homogeneous, but that 
resolved into a few practically homogeneous components, i.e. 
ponents that possess different full absorption coefficients, 
shows the values of the full absorption coefficients established 
nt radio-elements. Thus in the disintegration of RaB, which 
:mecl into the bismuth isotope RaC, we recognize the emission 
ifferent types of radiation, the softest of which has an absorp- 
icient of 230 and the hardest 0*57 cm.” 1 in aluminium. If 
>e rayed with hard X-rays, the bismuth reacts to this treat- 
he emission of a kind of fluorescence radiation known as the 
stic radiation of bismuth, which consists essentially of three 
its, the if-, L-, and M -radiations (seep. 63). The charaeteris- 
on can also be excited by the bombardment of bismuth with 
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correspondingly energetic /J~rays.f We arc thus immediately conft® 
with the question as to whether the three ty pes of rays emitted by f: 
are identical with the characteristic radiations of bismuth, prot 
in the atoms meanwhile transformed into RaO, during the escape 
and by the y-rays originating in the RaB nuclei. The truth of 

Table .16 

Full Absorption Coefficient* (/ u) of the y-JRays 

__ /i v/< aluminium 

Radio - Nature M- I L- I K- I 


Radio - 


Nature 



element 

N 

of Decay 

radiation 

radiation 

UXo 

91 

£ 



TJXj 

90 

j8 


24 

MsTh 2 

89 

JS 


20 

Io 

90 

a 

1,088 

22*7 

RdAc 

90 

a 


25 

Ra 

88 

a 

354 

10*3 

AeX 

88 

a 



RaC 

83 

P 



RaE 

83 

P 



RaD 

82 

P 


45 

RaB 

82 

P 

230 

40 

AcB 

82 

P 

120 

31 

ThB 

82 

P 

ICO 

32 

RaF 

84 

a 

585 

AeC" 

83 

p 



ThC" 

83 

p 

•• 

** 1 


interpretation has been established, and accordingly the designati 
Ly and X-radiations in Table 16 signify not the characteristic 
radiations of the disintegrating atoms but those of the resulting afc 
In various other cases, however, one or two full absorption coeffe 
are also found, which are to be ascribed to very hard rays emittd 
the atomic nucleus itself; they cannot be interpreted as having ffi 
in the atom during the escape of an a- or ^-particle. In accordance* 
this, the last column of Table 16 is designated c nuclear radiation’ ! 
shall return to this question in Chapter IX, after the discussion i 
problem of atomic structure. The already described diminution in’ 
value of g with increasing filter thickness is due to the gradual ci 
out of the softer rays. The truth of this is exemplified by the fact* 
in e case of the y-radiation from ThC", which is almost homogeff 
even before being filtered, such a hardening effect does not take pi 

in ti 6XistS betweei1 tile velocity of the £-rays (electrons) fflp 

m kilovolts ( V) and the wave-length (A) of the hardest y-rays (X-rays) produced; 

. 12,340 

y » 

where A is expressed in X-units (IQ- 11 cm.). 
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irption Measurements with y-Rays as applied to Radio- 
i Analysis 

■e presented with a mixture of radio-elements, the increasing 
n of the intensity of the radiation as the thickness of the absorb- 
?rial increases shows a more complicated behaviour, and such 
nents can under certain circumstances serve for the qualitative 
i of the presence of different radio-elements, just as in the 
he a-rays already discussed. This method can be applied to 
whether a preparation that must not be opened consists of 
ium or of radium, and if the former is the element present, 
even establish when the preparation was made. This result is 
possible hj the fact that the penetrating y-radiation from 
s derived exclusively from RaC (0*50 cm.” 1 in Pb), whereas 
esothorium preparation two hard types of y-rays are emitted 
‘spective y-rayers MsTh 2 (0*62 cm.*" 1 in Pb) and ThC" (0-462 
> b). Xow whilst equilibrium is established between MsTh x and 
ly a few days after the preparation is made, the TkC" radiation 
increases over several years, corresponding to the growth 
and hence the harder ThC" radiation in mesothorium prepara- 
t be more strongly represented the older the preparation is. 
nee of a particularly hard radiation manifests itself by virtue 
t that, in comparison with a definite y-radiation such as that 
liuin preparation, thick plates of lead suppress the ionization 
in the case of a softer radiation. The measurement of the 
produced after filtration in 0*5 cm. lead is mostly used for 
rison of the intensities of the y-radiations emitted by different 
ents [2]. 

Table IT 

Equivalent of Mesothorium and Radiothorium Preparations of 
Different Age 


Thickness of absorbing sheet of lead in cm. 


ration 

; 0 5 

TO 

TO 

TO 

4 0 

5-0 

60 

TO 

S-Q 

9-0 

• prepared 

1-00 

1-02 

0-96 

0-85 

0-79 

, 0-71 

0*64 

U-00 

0-57 

0*53 

s. old 

1-35 

1-38 

1-38 

1-33 

1-3*2 

1-29 

1-27 

1-27 

1*29 

1*32 

s. old 

0-90 

0-93 

0-97 

1-00 

1-02 

1-04 

1*07 

111 

1-15 

1*20 


1-00 

1*06 

1-17 

1-2S 

140 

1-32 

1-64 

1-76 

1-S9 

2-02 


>mpanying Table IT illustrates the behaviour, as regards 
found with mesothorium preparations of different ages; 
aments were performed with a preparation of mesothorium 
about 20 per cent, radium.f The values are expressed in 

an content of mesothorium freshly prepared from Brazilian monazite is 
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terms of the ionization produced by n radium preparation, usd 
a standard. (In this connexion cf. also .Fig. 4S on, p. 233.) 

From this table it is clear that when we have no knowledge of i 
conditions, the amount of me,so thorium present as compared? 
radium is underestimated in the ease of young preparations, esped 
when thick sheets of lead arc used. As the ago of the prep® 
increases, the amount of mesothorium is mvrostimated, and, at a k 
stage, again underestimated. Moreover, if radium be present ip; 
mesothorium, it can he detected qualitatively by the correspA 
alteration in time of the absorption. Nevertheless, the quantity 
estimation of the different substances is fraught with great difc 
mainly because in practice we nearly always .have to deal with mini 
of mesothorium of unknown age with the element radium, Oki 
their practical importance, absorption measurements with radiotk 
have also been included in Table 17 . * 

The age and the proportion of mesoth orium in radium salts cam 
he calculated, likewise without opening the preparation, from then 
of the respective developments of heat by the radium prepara: 
containing mesothorium and by a standard radium preparation, 
this connexion see p. 246 et soq.) 


5. Ionization produced by Y~Rays 

The y-rays do not ionize directly, but split oil electrons from' 
molecules with which they collide, and those electrons, asjk 
ionize the gas molecules present. That no direct ionization takesp: 
follows, in the first place, from the fact that the penetrating powe 
the secondary electrons liberated by the incidence of y-radiatioi 
matter is independent of the length of the air-path previously trave 
y the y-rays. Had the y-rays given up energy by direct ioniflt 
a ong this path, the energy of the secondary electrons would depeui 
the length of the air-path already traversed by the y-rays. In thesee 
p ace, we can deduce the absence of direct ionization from the app 
ance of cloud photographs of a beam of y-rays. The ionization® 
s own by such photographs are always associated with the track 
P~particles. 

The y-rays emitted by the amount of RaC in equilibrium witU! 
produce a total of 11 x 10 14 pairs of ions per sec. along!* 
+K* o' 1S * s almost equal to the number of ions produ® 

toe p-rays from the same quantity of RaC; hut since the length 
rac s o y-rays far exceed those of /3-rays, it follows that they* 
produce a correspondingly much smaller number of ions for eai 


responsible for 20 to 25 BerGsnt , i .... 

imoorhflnPA i-n per cent *°* tota -l y-activity, and gra 

importance m consequence of the decay of the mesothoriuk 
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path. Under normal conditions the half-value thickness of air 
$e y-rays amounts to 150 m., the corresponding thickness for 
)eing 0*63 m. As mentioned on pp. 37 and 43, it has been estab- 
hat each disintegrating RaC atom, emits one /3-particle, and that 
duces 54 pairs of ions along 1 cm. of its path. We can also speak 
idual y-impulses or £ photons’, and calculate that a 'y-particle’, 
rrectly a photon, produces 1-5 pairs of ions per cm. of its path, 
corpuscular conception of y-rays often simplifies the solution 
terns relating to y-rays, and use is frequently made of it (see 
footnote). The number of y-photons emitted per sec. by the 
of RaB—RaC in equilibrium with 1 gm. Ra is equal to 
0 (cf. pp. 21 and 37), from which we may conclude that each 
rating atom emits approximately one y-photon. 
y-rays eject /3-particles from all substances, and not only from 
ss of gases, the action of y-radiation on an electroscope must 
on whether the absorbing medium, such as a lead plate, is 
near to the radiating preparation or to the electroscope, for 
Dimer case the freed electrons or secondary /3-rays from the 
reach the electroscope in much smaller quantity than in the 
"n like manner the y-rays liberate electrons from the whole 
irhood of the electroscope, from the walls of the room, from 
tc., and these produce y-rays in their turn. This disturbing 
of the surroundings in the measurement of the absorption of 
n be eliminated by completely enclosing the active source in 
al shell of the absorbing medium. Bv using electroscopes or 
i chambers lined with paper or similar light substance we can 
the disturbing action of the secondary rays formed. This will 
from the discussion in the following chapter, a knowledge of 
essential before we can understand in its entirety the pheno- 
the scattering of y-rays. Whereas the alteration in wave- 
ffered by y-radiation in the scattering process is independent 
ve-length,f the intensity of the Compton radiation, altered in 
*ring process, depends very markedly on the wave-length, 
sity of this Compton radiation assumes considerable propor- 
’ for rays of wave-length shorter than about 300 X.U. 
medical application of y- and X-rays the radiation intensity 
ed in so-called rent gen (r) units. The dose at any point is 
by the air-ionization equivalent of that part of the quantum 
ich would be transformed into corpuscular energy "by absorption 

a in wave-length is given by X'—X = 24*2(1—eos Q) X.U., where X = the 
l A' = the increased wave-length, and 6 — the angle between the incident 
ered ray. The energy of the radiation produced is given by hr* = kv—ikmv~, 
he energy of the original y-radiation, and \mv- is the energy of the recoil 
ree by the scattering process. 

I 
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in an infinitesimal volume of dry air at 0" (!. and 7<><) mm. Hg p ICS 
situated at that point, divided by the volume of the air, measual 
cubic centimetres. If the amount of ionization is such that thetc 
charge per c.c. on the ions of one sign would be 1 e.s.u., then the; 
is defined as 1 rontgen (1 r) |3]. In terms of those units the y-radiati 
from 1 mg.Ra(RaB+RaC!) supplies 8-(Sr per hour at a distance of Is 
•whereas the unfiltered ^-radiation from the same quantity supji 
1,720 r per hour. 


IVHFHKKNt'HS 


The properties of y -rays arc discussed iti detail in. .Radiations from Raim 
Substances, by Rtjtherfobd, Chadwick, and Ml us (Cambridge Uniw, 
Press, 1930), and in. RadioaJctiviti.it, by K. W. R Koiilrausch (Akademt 
Verlagsgesellschaft, Leipzig, 1928). 

1. Jacobsen, J. C., Zeit.f. Physik, 103, 747 (1937). 

2. Fleischmann, K., and Centner, W., Zeit.J. Physik , 100, 440 (1936), 

3. Gray, L. BL, Brit. J. of Radiology, 10, 721 (1937). ISoo also ibid., 10,t 
(1937). 
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UTUAL PRODUCTION OF THE DIFFERENT KINDS OF RAYS) 

Nature of the Secondary Rays 

xists an extensive interaction between corpuscular rays like the 
md to a lesser extent the *-rays, and rays of an electro-magnetic 
X-rays arise when cathode rays strike the anticatiiode of 
y tube and are brought to rest; analogously, X- or y-rays are 
d when /2-rays lose energy in their passage through matter, 
cl y-rays have their origin in the nucleus of the atom (ef. p. 101). 
turn X-rays and y-rays knock off electrons or secondary /3-rays 
? atoms on which they impinge, and provided they have sufficient 
these will again liberate secondary X- or y-rays, and so forth. 

1 y-rays that have originated in this way are briefly designated 
iry ; rays, a term which is also applied to the rays of secondary 
reduced by the n-rays. Scattered primary rays also, which are 
Acuity or not at all distinguishable from secondary rays, are 
unted in with the secondary rays. 

lost important properties of the secondary ravs will now be 

1 . 

ndary (3-Rays produced by y-Rays 

al velocity of the /3-rays excited in matter by y-rays is indepen- 
he intensity of the y-rays, and to a first approximation also of 
re of the material; thus the /3-radiation produced by the y-rays 
C is found to possess, independently of the material in which 
ited, a full absorption coefficient in aluminium of about 20, 
^responding half-value thickness of 0*35 mm. On the other 
e initial velocity is dependent on the hardness of the exciting 
on; the shorter the wave-length of this, the higher is the velocity 
esulting j3-particles.d The number of secondary ^-particles 
rtional to the intensity of the absorbed y-radiation, and in- 
rith the atomic weight of the material used, 
eondary rat’s are emitted in various directions, but the direc- 
he primary rays preponderates, especially for substances of 
lie weight. According as to whether the secondary rays are 

Rowing relation exists between, the maximum energy cT of the secondary 
iueed, and the frequency v of the y-rays exciting them: U max = eV — hv 
In the calculation of the actual energy of the secondary 3-rays (photo- 
t must be taken into account that, in order to release them from the atom, 
mount of work E s is required, so that V — hv — E s . 
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emitted from the side of the sheet on which the primary rays ®t 
dent, or from which they emerge, wo speak of ‘ incidence 1 or ‘eme® 
radiation. The intensity of the incidence radiation increases 4 
totically with the thickness of the material, and reaches halfitsi 
mum value in the case of aluminium for a thickness of 0-5 1 ® 
also increases with the atomic weight of the secondary radiator, 
shown hy the data of Table 18. 

Table 18 

Dependence of the Incidence Radiation on the Atomic Wiigli 


Intensity of the incidence 
Substance radiation in relative units 


Lead. . 7 

Coppor . 4 

Iron . ;p7 

Aluminium 2-1. 

Paper . I 


It is also immediately clear from the above numbers that, as ate 
mentioned on p. 57, we can greatly minimize the influence of: 
secondary rays generated in the waits of the electroscope during' 
measurement of y-rays, by making use of an electroscope const® 
from paper. Special precautionary measures are still necessary, low 
in order to reduce the secondary /3- and y-radiations from the wat 
the room, from tables, and so on. The intensities of the incidences 
emergence radiations are markedly different, as can be seen! 
Table 19, in which the data have reference to relatively thicks! 
of the secondary radiators. When quite thin foils are used, the ei 
gence radiation is more intense than the incidence radiation, even: 
the heavier elements, f 

Table 19 


Secondary 

electrons 

from 

0 

A1 

S 

Fe 

Cu 

Zn 

Sn 

Pb 


Intensity of Secondary fi-Rays 
Soft y-rays 


Hard y-rays 


Incidence 

Emergence 

radiation 

Incidence 

radiation 

Emetp'- 

radialiot’ 

170 

2,280 

58 

ljf 

280 

1,810 

120 

795 

340 

1,575 

154 

685 

487 

1,350 

163 

560 

558 

202 

523 

618 

1,1*60 

224 

m 

1,051 

1,170 

333 

303 

1,723 

2,001 

497 

470 


i with 


coirmoqitirm -u; u j a fixture of incidence and emergence radiat 

C e P en ds largely on the experimental arrangement used. 
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econclary j3-rays are composed partly of photo-electrons, and 
f recoil electrons (cf. p. 52 ). In the production of the former 
le of the energy of the y-quantum or photon, reduced by the 
extraction (cf. footnote, p. 59), is transmitted to the electron, 
in the production of recoil electrons only a fraction of the 
: energy is handed oxer to the recoil electron. For hard y-rays 
il electrons preponderate. With decreasing hardness of the 
id increasing atomic number of the secondary rayer, however, 
turns the scale rapidly in favour of the photo'electrons. Using 
e secondary radiator and X-rays of hardness equal to that of 
diation of lead, the ionizing action of the recoil electrons only 
to about 1 per cent, of that of the photo-electrons. Secondary 
are also emitted from the surface of a solid body, e.g. a metal, 
is struck by electronic rays. Electrons of tertiary origin also 
v occur in this process. The number of secondary electrons 
iding to each incident primary electron depends on the velocity 
unary electron, on the angle of incidence of the primary rays, 
le nature and surface condition of the body. The gas content 
face also has a fundamental influence on the effect. In certain 
number of secondary electrons emitted may exceed the num- 
imary electrons absorbed, so that if the body is insulated, it 
p positively. If secondary electrons are measured along with 
nitted primary radiation, we may likewise obtain an apparent 
absorption'. The velocity of the secondary rays does not 
isentially either on the material of the secondary rayer or on 
tv of the primary rays. The tertiary electrons can be distin- 
rom the secondary electrons by the aid of the cloud-track 
The cloud droplets, each of which registers an ion, are arranged 
track of the rays not only in single pairs, but also in groups 
id so on. Such a group indicates that a secondary electron 
ced 1, 2, or more tertiary electrons. On the average 2 or 3 
ectrons result from each secondary electron, when tlie primary 
n has a velocity 33 per cent, that of light. 

omagnetic Rays produced by Electrons!* 

) produce X-rays of wave-length A the energy and correspond- 
y of the cathode rays must be greater the smaller the value 
le greater the 'hardness' of the resulting y-rays. The greater 
ble energy of the cathode rays, the more considerable will 
Iness of the y-rays. If instead of A we consider the frequency 

een possible to investigate the excitation of X-rays by cathode rays on a 
r basis than the excitation of y-rays by ^-particles. In view of the close 
.’een the two cases and the importance of this class of phenomenon., the 
X-rays is also briefly treated here. 
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v = cj A, where c = the velocity of lights the following relation 
U = eV = hv, where U is the energy of the cathode rays, Fir 
discharge potential, and h is .Planck's constant. j* Alternatively, 
have A = 12*34/7, when A is expressed in Angstrom units (lAIUi 
cm.), and V in kilovolts (of, f). 54). From t his relation it followst 
the shortest wave-length that c*an be excited by the aid of a disci; 
potential of 10,000 volts is of: magnitude 1*234 A.U. 

Whereas the validity of the above discussion is independent oi 
chemical nature of the radiating source, wo shall discuss in what fit 
the influence of the nature of the source <» i the character of the I-rsi 
tion emitted. 

If, for instance, cathode rays impinge on a rhodium anticatlio! 
an X-ray tube, an investigation of the X-radiation emitted by its! 
the presence, along with a heterogeneous "white 5 radiation, of sen 
sharply defined types of rays, of which the shortest has a wave-lei 
of 0-534 A.U. This radiation is as bilmrneteristie 5 of rhodium as 
D-linesin optics axe characteristic; of sodium.J As required by theal: 
formula, it ceases to occur as soon as the discharge potential sinks to 
about 23,000 volts. Further lines of the rhodium spectrum, thoseof 
Z-group, can only be detected by the use of a vacuum spectrograph, 
they are so soft that a layer of air 20 cm. in thickness almost compt’ 
absorbs them. Fig. 22 (Plate III) shows the .//-spectrum of the mi 
thucolite, and was obtained by attaching a small amount of the mb 
to a copper anticathode. In it the absorption edge of bromine can. 
be recognized. As soon as the hardness of the rays falling on the pi 
graphic plate attains a value sufficient for the excitation ofthefe 
tion of the bromine contained in the plate, a sudden increase oe 
in the absorption of the rays, and hence in. the blackening of thepl 
X-ray spectroscopy further enables us to detect with ease most 
stances, provided they are present- in ooncei itrations not less thanO* 
0*001 per cent. The sensitivity is smal ler in the case of light atoms,* 
here a considerable part of the X-rays may be absorbed in the very at 
in which they are excited, giving rise to photo-electrons ( c Anger Eft 

The difference between the two types of radiation, the inipft 
continuous radiation and the characteristic radiation, in respect 
their distribution of wave-length in the spectrum, is most clearly to 1 
out by having recourse to an optical analogy. The impulse raft 
corresponds to continuous white light, whereas the characteristic ft- 
tion has its optical analogue in a line spectrum. 

In the X-ray spectrum we differentiate between the X-, X, if 


t Planck’s constant h = 6-61 xl0“ 27 org soc. 

. I n i> ‘ line ’ the str °ngest rhodium lino also consists of a doublet ((Hilt 

ana u*ol9 A.U.). 
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b ig. 22 (p. 62 j. Emission Spectrum of the Mineral 
Tliucolite. 



ig. 2 i (p. 6 < ). Tracks of 6 -Ravs (magnified cloud- 
tracks of i-particles in helium at low pressure!. 
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P-series, the wave-lengths of which increase as we pass in the 
cier from series to series. The relative positions of the lines in 
three series are shown diagrammatic-ally in Fig. 23. As far as 
it at present, there are at most 12 lines in the if-series, and 22 
series. These lines can also be divided into different sub-groups; 
we distinguish only one group in the K-series, we find three 
-series, five in the 31 -series, seven in the Wseries, five in the 
and three groups in the P- series. Correspondingly, as we shall 
irther detail when we discuss atomic structure, we recognize 
ise of the heavy elements IK-, 3X-,t 5J1-, 7X-, 50- 1 and 3 P- 
die excitation potential of the cathode rays producing them is 
> for all lines of the same group. The characteristic rays of an 
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Pig. 23. Wave-lengths in the K-, L-, and 3/-Series. 

ire related in a simple manner to the atomic number. Thus, 
■equeney or 'wave number' v (= 1 A) of the strongest line in 
ies, the following approximate relation, due to Moseley, holds: 

I), 

== the atomic number (= 1 for H, 2 for He, 3 for Li, etc.), 
1*09737/.; 10 5 cm.” 1 , the well-known Rydberg constant in 

from a small systematic deviation, the following formula 
every line in the characteristic spectrum: 

M’ = A{X — B). 

and B are constants, and JV is the atomic number. If we 
a graph with the atomic numbers of the elements as abscissae 
quare roots of v as ordinates, we obtain almost straight lines. 
Fig. 24, the data of which refer to the strongest lines of the 
id 31-series respectively. We shall deal later with important 
is which may be drawn from this regularity. Suffice it to say 
icture that this feature in itself reveals the superiority of the 

tig with the level that corresponds to the most intense absorption edge, 
are designated X : , Z 3 , and Z 3 levels, frequently also L m , Z Ir , and Lj levels 
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lumber over tlie atomic weight as a means of classifying the 
elements, for if we choose the atomic weights as abscissae, we 
)tain straight lines, but irregular ones. 

reduction of characteristic rays results also from the action 
J, when them frequency is not less than that of the characteristic 
frequency (see p. 89). It is the same condition as that which 
he occurrence of fluorescence in optics, in accordance with 
law; a fluorescence radiation 
cited only by a radiation that 
er towards the violet end of 
rum. Since most y-rays are 
requency, they are able to 
k characteristic radiations of 
bstances in their passage 
hem, and this, like the scat¬ 
he y-rays and the occurrence 
ry jS-rays, gives rise to a eon- 
complication of the pheno- 
absorption. It should be 
l here that the excitation of 
if-lines requires the same 
-S is necessary for the hardest 
A-series of the element con- 
i the calculation of the least 
lec-essary to excite a eharae- 
we must, in fact, introduce 
quation on p. 62 not the 
h of the particular line hut always the wave-length of the 
edge of the group involved, i.e. of the A"-group in the present 
63). Thus the hardest characteristic radiation known, viz. 
ition of uranium, has a wave-length of 101 X.U. and requires 
3ii potential of 113 kilovolts. 

t of the spectrum of the continuous or impulse radiation 
t wave-length side is determined only by the magnitude of 
al necessary for its production (see p. 62). The total energy 
ition is proportional to the square of the applied potential, 
o the fourth power of the velocity of the electrons producing 
?r, at constant potential, the total radiation is proportional 
ic* number of the element in which the X-radiation is excited, 
[ition of the intensity of the radiation for different wave- 
lown in Fig. 23, for the region lying between 0-36 and 0*93 
o 930 X.U.). The ionization current, which is plotted as 
rves as a measure of the intensity of the radiation. The 
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Chap. V, 

sudden marked rise ill intensity in the ease of molybdenum is it 
the fact that the characteristic A'-radiation of molybdenum f4 
the region investigated, whereas the much harder A'-radiatumofa 
sten and the softer -radiation of chromium fall outside the above® 
of wave-lengths. The intensity of the emission spectrum ttaseipr 
ences a sudden increase in those positions where the characteristic; 
of the element are excited, and in consequence the emission him 
out prominently on the more or loss blackened background of thejfc 
graphic plate. In the same way a strongly enhanced absorption of 



Fig. 26. Variation of Absorption. Oooflioimit with Wavo-longth. 

rays also, takes place in definite positions depending on the posit! 
the characteristic spectrum. If X-rays arc allowed to traverse as 
of molybdenum, it is found that strong absorption suddenly sets in 
0*618 A.U. For the case of silver, Fig. 26 shows this sudden increase 
the absorption, which takes place as the wave-length is grad# j 
duced. The number of such absorption edges is much less t an 
number of emission lines, and this is due to the fact that, for t eesc 
tion of each line, it is not sufficient that the condition > 
satisfied; the energy used up in the excitation must rather su 8 
excite the whole group, i.e. all the X-lines. Hence it is thato p 
absorption edge is associated with each group of lines; in conseq* 
of this there exists only one X-edge, and correspondingly only ore ? 
also in the curve for molybdenum (cf. Fig. 26) in the X-region. ^ 
other hand, for the softer rays of the Z-region there are three 
in the curve, and these correspond to the three Z-absorption edges-' 
they are no longer visible in the figure. 

4. Secondary Rays produced by a-Rays. 8-Rays 

Secondary 0- as well as y-rays may arise also when a-rays imp 1 ? 
matter. If the oc-rays strike solid bodies, slow electron rays or ^ 
are liberated from the place of impact. The number of 8-rays rer 
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^article is practically independent of the nature of the metal and 
rection of incidence of the x-partide. On the other hand, the 
of 8-rays increases as the velocity of the 2 -rays decreases. The 
of gases in the material bombarded plays an important part 
nission of the 8-particles. Thus a surface of zinc, which has 
ducecl by distillation in a vacuum, shows no 8-emission when 
ed by x-rays; but when the surface layers absorb gases, 8-rays 
dr appearance to a greater and greater extent. The velocities 
on of the individual 8-rays vary extensively. The distribution 
the curve which represents the frequency of occurrence as a 
of the velocity, is, on the other hand, independent of the velo- 
le exciting x-rays. Particles with a velocity corresponding to 
•cur with the greatest frequency. Particles of 15 volts velocity 
? or about 1 per cent, of the total radiation, but velocities as 
,400 volts can also be detected. 

sequence of the occurrence of 8-rays, the x-ray tracks produced 
oud method no longer appear as single lines of fog. “but they 
e secondary ionization tracks emitted from the main track 
ictions (cf. Pig. 27, Plate III). 

rirrence of 8-rays is largely responsible for the fact that sat lira - 
tained only at high potentials for an ionization current (cf. 
i to x-rays. The ion. density along the track of the x-partide 
llv large, so that we may speak of columnar ionization. In 
ave ionization not only of the molecules directly struck by 
tide, but the 8-rays released in the process also contribute 
tally to the ionization produced. 

•tides impinge on atoms of hydrogen, these are ionized and 
ry large velocities as a result of the collision, since their mass 
e-quarter of that of x-particles. The range of these particles 
'eral times that of the x-particles producing them. In this 
vs* are produced in hydrogen by the x-particles from RaC\ 
of these H-rays amounting to about 28 cm. The number of 
as produced by an H-particle per cm. of its path has a value 
uarter of that produced by an x-particle of the same velocity, 
is of scintillation observations (see p. 20) it has been possible 
small number of particles with a considerably greater range, 
311 s substances are bombarded by x-rays. The observation 
rays, which originate in the nuclei of the atoms struck, has 
>at importance in the elucidation of the nuclear structure of 
p. 94 et seq.). 

•particles are incident on lead, tin, etc., they are able to 
aracteristie X-rays of the elements mentioned, but the in- 
fche X-radiation produced in this way is very feeble. Thus 
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from the if-level of zinc only 0-00023 of a quantum of if-radiafc 
liberated along, it# track by an a-partiole from polonium, and 
yield in the excitation of L-rays i>s still smaller. Moreover, ayi t 
tion has been observed to occur during the bombardment of Li 
B, F, Mg, and A1 with a-rays. The hardness of these rays is ofttes 
order of magnitude as tlmfc of the hardest y-rays, but tlieir inters 
is exceedingly small, ((if. p. 102.) 
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A detailed discussion of the properties of i ho secondary radiations will be? 
in the Handbuch dvr Physik , 2nd ed. (Springer, Berlin, .1933), vols. xxiit 
xxiii/2. X-ray spectroscopy is fully dealt with in MprktroHkopw der Rontqm 
2nd ed.), byM.SiEGB awk (Berlin, 1031); an English translation of the Uti 
was published by the Clarendon .Press, Oxford (U)2f>). 
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VI 

THE RECOIL RAYS 

n ^-particle is emitted from an atom, the latter recoils in the 
direction in accordance with the principle of action and 
just as a gun recoils when a shot is fired from it. 
mass and velocity of the projectile are m 1 and v x , and those of 
and ?* 2 , we have 


n atom of RaA emits a-partieles with a velocity of 1*69 X 10 9 
and is transformed at the same time into an atom of RaB, 
jrojeeted by virtue of recoil with a velocity of 

1-09 X10 9 x -X = 3 - 3 i v io" cm. sec.. 

c weight of the a-particle being 4, and that of the RaB atom 
* The velocity of the residual atom of RaB is considerably 
:hat of the ^-particle. but it is sufficient to ionize the air along 
to act on a photographic plate, etc. As a consequence of the 
loeity of the recoil rays, the number of ions produced by each 
t cm. of its track is, in fact , markedly greater than and reaches 
re times as large as that due to an a-particle. As with the 
the ability of the recoil particle to produce these effects 
denly, the range in air amounting to about 0*14 mm., and 
y 2x 10'° mm. Owing to their smaller velocity, the pheno- 
scattering occurs in a more marked degree with recoil rays 
a-particles. from the magnitude of the deflexion in a mag- 
it follows that the recoil atom has an atomic weight of about 
agrees well with that of RaB, and that it carries a single 
' charge (cf. p. 70). 

ve a deposit of RaA on a horizontal metal plate, the atoms 
i-particles in an upward direction will be projected down- 
. will penetrate the upper layers of the plate; conversely, 
s that have emitted a-particles in the downward direction 
>jec*ted upwards into the air surrounding the plate. The 
rable yield of recoil atoms collected after leaving the plate 
‘cordingly amounts to 50 per cent. 

bilitv of obtaining individual radio-elements in a pure state 
the phenomenon of radioactive recoil plays a very important 
study of radioactivity (see p. 218). In order to he indepen- 
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dent of the small range of the reeoil atoms, they are collected is 
electric field, i.e. the preparation is raised to a positive potenfc 
say 100 volts, the negative polo of the battery being connectedt 
insulated plate fixed a few millimetres above the preparation, 
for a very small fraction the residual a toms are positively charged., 
hence they are drawn through the air to the upper plate (seefir 
After emission of the positively charged ^-particles, the recoil at® 
at first negatively charged, but when they ionize molecules of tie- 
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Pxa. 28. AmitigomoU; for (*<>ll<*<it ing Itccoil Atoms. 

rounding air they part with several electrons and so themselves atf 
a positive charge. An investigation of the deflexion of the recoil at 
of RaB in a magnetic field has revealed that practically all oft 
carry a single positive charge, and that only about 0*001 peices' 
them are negatively charged. 

The phenomenon of recoil must also occur during the emission 
/3-particle, but the resulting residual atoms are much more diffief 
detect than the products of a-rccoil. The kinetic energy of the prof 
particle is here much smaller, and .is usually insufficient to propel 
particle away from the surface of the plate on which, the disintegfi' 
takes place. It corresponds to the kinetic energy of an equallyfe 
singly charged ion that has traversed a potential difference of a 
tenths of a volt, Nevertheless, it is possible to collect up to 23 pen 
of the RaC atoms which suffer reeoil in the disintegration of Eel 
the application of special, precautionary measures. These include* 
ing in a high vacuum, purification of the initial substance by distfc 
in a vacuum, deposition, of the material used on a polished surfacet 
has been cooled to a low temperature to prevent the volatifafe 
the particles. 

The photographic detection of recoil atoms is only possible 1 
the gelatine layer of the plates is so thin that the recoil atoms art 
brought to rest before they reach the silver bromide. 

We meet with a special type of recoil in the phenomenon of 
reeoiT. If we deposit polonium electrolytically on a bright metai 
and place a second foil near to and facing it, we can detect polos* 
also on the second foil after a short time. The explanation or 
phenomenon is that, during electrolysis, the polonium is not depr 
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iil in tlie form of individual atoms, but as aggregates of two 
atoms. When one of the atoms of such an aggregate disinfe¬ 
ct onlv the RaG atom resulting from the disintegrated polonium 
coil, but the unchanged polonium atoms present in the same 
e are projected with it from the foil. Thus when an ^-particle 
d in the direction of the first foil, the remaining aggregate, 
2“ of a RaG atom and one or more polonium atoms, is projected 
irection of the second plate. This phenomenon supplies an 
ion of the fact that all objects in the neighbourhood of strong 
preparations become contaminated with polonium, even 
his element gives off no emanation, and its product of clis- 
>n is no longer active. Aggregate recoil phenomena can also 
ed with preparations in which the polonium was not deposited 
icallv, but by collecting the active deposit from radium emana- 
other radio-elements that emit *~rays show similar effects. 
-S of the active deposit are also produced in mixtures of 
n and air or argon. 

REFERENCES 

pert las of recoil particles are fully discussed in IfridUttht*# from 
Substances, by Rutherford, Chadwick, and Ellis iC ambridge 
Press, 1930;, and in Rad : oakthotiit, by Meyer and Schweidlee 
Leipzig, 1927 . 



POSITRONS AND NKUTItONH 
A. Positrons 

Positive electrons are not emitted in natural radioactive pm 
but the emission of such particles can be detected in the disintep 
of different products of artificial radioactivity (see p. 120),; 
aluminium (cf. p. 120,Table 30) that/ has been rendered active artifc 
by bombardment with «-rays emits positive electrons or ‘posh 
and gradually loses its activity in the process. The positrons ei 
by aluminium have very different, velocities; they show acoatk 
energy spectrum with a limiting; maximum energy of about 3x1* 
the most frequently represented energy value being 9X10 5 e.T, 
mass, charge, and ionizing power of the positron have been fro; 
he the same as those of the electron, A part from the sign of theck 
however, there is found to ho a fundamental difference beta 
electron and the positron, for positrons have no permanent ei 
When they collide with electrons they combine with them, ani 
energy of 10 6 e.Y. liberated in the process of union is emitted intki 
of quanta of y-rays. In most cases the union, is effected with eta 
at rest, and then two quanta each of energy 500,000 e.Y. aieei 
in opposite directions; but there are also processes in whichth: 
energy of annihilation is emitted in a single quantum of energy* 
Accordingly, the incidence of positrons on matter results in thee* 
of a y-radiation (cf. p. 52) which is independent of the natured 
absorbing element; in all cases we are concerned solely with to 
bination of positrons with electrons of the element under consider! 
Conversely, positrons may be produced by the incidence of hardy 
on matter, e.g. the y-rays from RaO, the energy of which lies tel 
1’OxlO 6 and 2*2 xlO 6 e.V. Positrons are also released by the as 
of electrons when their energy exceeds 1 ifi e .V. \ 

Positrons were first observed in the examination of the cloudy 
produced in a Wilson chamber by the cosmic? rays, when indhi; 
tracks were found to have been deflected by the magnetic fields 
direction opposite to those due to electrons. 

It was found recently thafRaC and (ThO+ThC") emit a verjs 
number of positrons, to wit, one positron to every 3,000 disintep 
atoms. These positrons are not emitted by the nucleus of the* 
grating atom, but are the result of secondary processes [1]* 
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B. Xeutbons 

positrons, neutrons do not appear in the course of natural 
1 disintegration processes; on the other hand, they are fre- 
>served in processes of constrained transformation of the 
Thus when ^-particles strike beryllium nuclei, beryllium 
ied into carbon, and at the same time neutrons are liberated 
ice with the equation: 

|He = l |C-f J n. 

s is described in greater detail on p. 78. 
are atomic nuclei which possess no charge, as it were atoms 
ent of zero atomic number. Since they possess no charge, 
t interact with the peripheral parts of atoms with which 
. and lienee they do not effect ionization in their passage 
air; because of this they cannot be detected by methods 
hose used for the other types of rays, already described, 
nitrons do interact with atomic nuclei, and by virtue of 
:ion they can be detected. When neutrons collide with 
ciei the latter are set into rapid motion, and these moving 
be detected, e.g. by use of a cloud chamber. The detection 
rons is effected by making use of an electroscope filled 
en or lined with paraffin wax, and also by their ability 
mt artificial radioactivity (cf. p. 114). If we are faced 
blem of deciding whether or not fast neutrons are being 
source, it suffices to introduce say silicon in the form of a 
to the path of the supposed neutrons, and then after some 
he glass plate by bringing it near to a tube counter. Xeu- 
the silicon nucleus and call forth an artificial radioactivity, 

; under emission of hard /3-rays (cf. p. 116}. From the 
these readily detectable /3-rays we can infer the presence 
ms. If we require to detect slow neutrons, iodine, silver, 
lysprosium may be introduced into the path of the sup- 
is. These elements serve as specially suitable ’receivers 5 
rons, and the capture of the neutrons brings about in 
r detectable artificial radioactivity. Another method that 
ich used consists in allowing the neutrons to enter an 
tuber, the walls of which are coated with boron or lithium, 
processes take place under the action of slow neutrons: 

-In - SLi—iHe and |Li~> == ?H-f iHe. 

particles produced in this way ionize the gas contained 
on chamber. If the capture of a neutron leads to the 
stable isotope and not to a radioactive isotope of the 

L 
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element concerned, it is then impossible to resort to artificial^ 
activity for the detection of the neutrons. An example ofth 
the capture of a neutron by lead 20(1, whereby the stable isotop 
lead (207) is formed in accordance with the equation: 

2 gSPb+}n - 

In such cases the capture of neutrons can be detected by theeii 
of y-rays. The incorporation of neutrons into atomic nuclei is ak 
an exothermic process, and the energy liberated is emitted in fe 
of y-rays. 

1* Absorption and Scattering of the Flux of Neutrons 

The flux of neutrons is reduced owing to their gradual captureli 
nuclei of the atoms penetrated; a reduction also arises fromft 
collisions of the neutrons with atomic nuclei, and by nuclear scate 
Neutrons suffer elastic collisions in particular with protons, e; 
water or in paraffin wax, and this leads to a rapid decrease in tie eff 
of the neutrons. When the velocity of a neutron is markedlyg! 
than the mean velocity of the molecules of a gas, and it collidesv 
proton, the energy of the neutron is reduced on the average to one 
of its initial value. Accordingly, after ten collisions with proto 
mean energy of the neutron will have fallen to one-thousandth 
original value. Neutrons of energy 4 X 10 r> e.Y. are strongly reprec 
in the flux of neutrons emitted by mixtures of radon and beryl 
powder, this being the most familiar source of neutrons. After te 
lisions such neutrons have on the average an energy of only about l 
e.Vand less than thirty collisions with protons are necessary in out 
obtainneutrons with velocities of normal molecular magnitude. Tie! 
life of such a neutron in paraffin wax is 2 x 10“ 4 sec. [3], One oftle^ 
of demonstrating that the slowest neutrons actually hare veloe 
comparable with those of gaseous molecules is as follows. Itta* 
possible to show that, when paraffin wax is reduced to the temp; 
of liquid air, slow neutrons suffer a greater reduction of velocityih 
they are then able to activate silver more strongly than before, s 
the capture of neutrons by silver and similar nuclei (cf. p. 77) tafe 
more readily the slower the neutrons. The large diminution in $ 
experienced by neutrons when they collide with protons is to te* 
buted to the fact that the mass of a neutron (cf. p. 77) is p^ 
equal to that of a proton, and in consequence of this the transit 
of energy from the colliding particle to that struck takes pi®* 
readily. The velocity of neutrons can also be reduced by their ^ 
with the nuclei of other light elements such as carbon or silicon 
with them the effect is very much smaller. The velocity of fast ^ 
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duced by tlieir inelastic collision with heavy atoms, but in. 
tlie energy given off by the neutrons is utilized to excite the 
cleus, and it is later emitted in the form of y-radiation. 
t follows we shall consider separately the reduction in the 
d and of slow neutrons, i.e. their absorption and scattering, 
the cross-sections of light nuclei (ef.p. 79),andw T e can accord- 
date the reduction in flux which fast neutrons should experi- 
eir passage through light atoms, on the assumption that the 
tear cross-section is effective in the scattering.^ The values 
1 experimentally agree approximately with those calculated, 
pass over to heavier nuclei the cross-sections increase pro- 
Here it is not possible to compare the cross-sections obtained 
cattering of neutrons with values obtained by other means, 
tods which permit the calculation of the cross-sections of 
s fail in the ease of heavy atoms. It is probable that the 
oss-section resulting from the ‘absorption 5 values of fast 
i their passage through the atoms concerned represents the 
r cross-section. The effective cross-sections for fast neutrons 
. I*6xl0~ 24 cm. 2 (light nuclei) and 5*SxlO~ 24 cm. 2 (mercury) 
:>w a fairly regular increase within that range. J 
trons show quite a different behaviour from fast ones. The 
oss-seetion in the scattering of slow neutrons is roughly 
> total nuclear cross-section. Hydrogen nuclei alone behave 
for they scatter very much more strongly than would be 
nil the magnitude of the cross-section of hydrogen nuclei, 
on in intensity arising from the absorption and scattering 
by slow neutrons in nuclei is very different from element 
Hid the effective cross-section varies between 1*5 x lb" 24 cm. 2 
m and 25,000 >; 10~ 24 cm. 2 for gadolinium. Cadmium, euro- 
iuin, and especially gadolinium have large effective cross- 
respect of the absorption of slow neutrons, as may be 
tble 20. The effective cross-sections are dependent on the 
he neutrons. In the cases of lithium and boron the con- 
articularly simple, for here the effective cross-sections are 
►portional to the velocity of the neutrons [2]. The large 
is-section of the cadmium nucleus, on the other hand, is 
:ied for neutrons whose energy does not exceed I e.V., i.e. 
itrons of velocity at most 3 to 4 times greater than the 
locities met with at room temperatures, in accordance 


e cross-section is equal to the mass absorption coefficient divided "bv 
tiplied by the atomic weight ;'cf. p. 51). 

the emss-s vethm is line mainly to scattering, fur only a small fraction 
is captured in the collision process. 
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with the kinetic theory of gases. For this reason cadmium is 
screening material whenever it is desired to exclude neutrons T 
thermal energies. Neutrons with molecular velocities, though^ 
fully absorbed by cadmium, are only feebly absorbed for exampi 
arsenic. For a particular range of velocity, however, this latterefe 
manifests a large effective cross-section of about 100 times tlie un- 
cross-section, and within this range it is effective to a degree 
parable with that of cadmium for neutrons with molecular yehr 
Gold, silver, rhodium, iodine, indium, and possibly many otter 
ments likewise possess a very high absorbing power for a limited: 
of velocity of the neutrons. This kind of absorption is generally k 
as 'resonance capture 7 . 

Table 20 


Nuclear Cross-sections with respect to Slow Neutrons (cmtxW* 


Element 

Gross-section 

Element 

Gross-section 

Element | 

Cm* 

H 

48 

Co 

35 

Ba 

\i 

B 

500 

Ni 

15-4 

Sm 

4.0 

C 

3-4 

Cu 

7*4 

Eu 

*■■■ 

N 

11-3 

Zn 

4-7 

Gd 

25, 

0 

3-3 

Br 

1 1«8 

By 

1 > 

Na 

4*2 

Y 

1 10 

Ir 


Mg 

3-0 

Mo 

7-1 

Pt 


A1 

1-0 

Rh 

115 

Au 

* 

Si 

2-5 

Pel 

10 

Hg 

> 

Cl 

39 

Ag 

55 

Pb 


K 

8-2 

Cd 

3,300 

Th 


Ca 

11 

I 

<)-4 

IT 



The production of slow neutrons is effected most simply by s© 
ing the source of neutrons with paraffin wax [3], the source bet 
a glass tube containing a mixture of radon and beryllium, b 
quent collision of the fast neutrons with paraffin wax their veto 
reduced to molecular magnitude, and these retarded neutrons k 
diffuse until they either emerge from the paraffin block or are ate 1 
by a hydrogen nucleus. Neutrons with molecular velocities car 
diffuse through a distance of about 2 to 3 cm. in paraffin 
for this reason slow neutrons with the velocity of gaseous nit 
emerge only from the outer layer of thickness 2 to 3 cm. 
cylinder of paraffin wax. When large cylinders of paraffin wax®- 
the yield of slow neutrons is small, and diminishes further as thecr 
dimensions are increased. Likewise, if the cylinder is chosen» 
its radius is less than 2 to 3 cm., a poor yield of slow neutrons is ^ 
since the quantity of paraffin wax does not then suffice to ret^ 
fast neutrons adequately. The alteration in the number of sto 
trons that strike a surface of silver in unit time when the tbicto 
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idrical wax layer surrounding the source is varied follows from 
eration of Fig. 29 [4]. The slow neutrons are captured by the 
iclei, and bring about artificial radioactivity in the silver. The 
is proportional to the number of slow neutrons incident on 
t, and in the graph the activity of the silver is plotted in its 
ace on the thickness of the wax layer surrounding the source 



21). Activity induced in silver situated at a fixed distance from the 
utron source, surrounded hy wax cylinders of different radius o*/. 

is. The maximum yield is obtained when the thickness of the 
laraffin wax is about 0 cm. If we wish to produce neutrons 
ediate velocity, we must choose a thinner layer of paraffin 
meats that show no marked absorbing power for neutrons 
?m to a considerable degree. In experiments with neutrons, 
scattering effected by the walls of the room may have a 
influence. 

ass of the Neutron 

itron is not deflected in an electric or in a magnetic field, the 
Inch served for the determination of the masses of x- and 
are of no avail here. The following method is the simplest 
iemirate for the evaluation of the mass of the neutron [5]. 
action of y-ravs, neutrons (/u are split off from the atoms of 
rogen. deuterium (D). in accordance with the equation: 

energy E v of the y-ray quanta of ThC" from radiothorium 
experiments amounts to 2-03 :10 6 e.Y.. corresponding to 
it of atomic weight.f and the kinetic energies E l{ and E H 
leetive protons and neutrons produced both amount to 
.V., the above equation takes the following form: 

1471 — U-002S5 = 1*00812—0*000209 — 0*000209— n , 
or n — 1 * 0081 ) 0 . 

] electroii-voir — 1*0741 l'>~ > uidt of atomic weight. 
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The smallest amount of energy necessary 1 o split oil a nentronfe 
deuterium atom is -M X Id (i e.V., and for the atom % hfixli 
From amongst all atomic nuclei, that of 11 Be is found to bet 
weakly bound neutrons. In the production of neutrons bybot; 
ment with a-rays, beryllium is for this reason to be prefect 
other elements, as also when t he neutrons are released by theai' 
y-rays from radium. On the ol her hand, when radiothoriumisi 
a source of y-rays, six times as many neutrons are emitted by let 
as by beryllium. The greatest yield of neutrons is attaint 
bombardment of compounds containing heavy hydrogen (eg,! 
by means of positive rays of deuterium. 
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VIII 

HTUTIOX OF THE ATOM AND RADIOACTIVE RAYS 

iaviour of the rays from radioactive substances in their passage 
matter has been our most reliable guide in the investigation 
ns ti tut ion of atoms; conversely, the theory of atomic structure 
*ed up many points on the origin and nature of the individual 
rays. Accordingly, we shall now give a short account of the 
ion of the atom. 

Constitution of the Atom 

s from the behaviour of a- and /3-partieles in their passage 
atoms that the material part of the atom does not embrace 
? of the atom, regarded as a sphere of radius lu~ s cm., but is 
. to an exceedingly small space at the centre of the atom, of 
about 10~ 13 cm.t Moreover, this atomic nucleus is positively 
The remainder, or practically the whole of the space inside the 
here is at the disposal of the electrons that revolve round the 
The dimensions of this electron cloud determine the magnitude 
m, and the number of electrons in it is equal to the number of 
y units of positive charge associated with the nucleus. As a 
i atom thus appears electrically neutral, 
al number of electrons revolving in the atom, and hence also 
?r of nuclear positive charges, is equal to the atomic number 
») of the element concerned. The number of orbital electrons 
for the hydrogen atom, 2 for helium, 3 for lithium. 2i) for 

• for platinum, and {v2 for uranium, the element of highest 
mber. 

ectricallv neutral atom becomes ioniz ed, it assumes either a 

* a negative charge. In the former ease the outer electron 
a definite number of electrons, and in the second case the 
3 up one or more electrons from the surrounding matter or 
ee electrons in the surrounding space. Ionization or chemical 
tny kind, however, can produce no alteration in the number 
>n the nucleus, and hence these processes are always reversible, 
bility of all changes in the character of the atom produced 
I processes signifies nothing else than the long-known law 


e is derived from the magnitude of the deviation suffered by a- particles 
netrate the vicinity of the nucleus (see p. 90!. The radius of the sun is 
mes smaller than that of the orbit of Neptune; the nucleus of the atom, 
es in its structure a solar system, is about Io/mjo times smaller than the 
• electrons from the centre of the system. 



80 


CONSTITUTION OK TIIK ATOM 


Chap, 


of the conservation of the elements. In the relatively rareca* 
radioactive processes on the other hand, the nucleus, andhen^ 
the system of electrons surrounding it, undergo permanent tr 4 
formation. The emission of the rays from radioactive substances & 
intimately related to this transformation, which, as described onj/ 
involves a complete alteration in the chemical nature of the at® 

The stability of an atom built up in the manner indicated a 
be explained on the basis of classical mechanics and electrodynai 
In order to understand it, it was necessary to formulate the hypoS 
that there are certain privileged states of motion of the atom,iin; 
states the atom persists without loss of energy. The energy cor 
of the atom can change only when the atom passes over from due- 
privileged state into another (see p. 90). 

For the interpretation of radiation processes it was liecessr 
supplement this hypothesis by a second one, according to wit 
such a transition is associated with the omission of radiation, tM 
is always monochromatic, and of frequency equal to the quotfc 
the amount of energy radiated and Planck’s constant h. 

The experimental evidence in support of the view outlined ate 
so multifarious that it cannot he treated exhaustively here. lift:- 
only mention the following especially important phenomena: th 
tering of the a-rays in their passage through matter (p. 31), k 
(p. 147), and the emission and absorption of light, X-rays, etc., ar. 
are revealed in the spectra of the elements. 

Before we proceed to the question of the origin of the rays fromfi 
active substances, it will be advisable to discuss in somewhat git 
detail the structure of the atom in the simplest cases, by first mi 
use of the original presentation due to Bohr. 

2. Structure of the Hydrogen Atom 

A hydrogen atom consists of a nucleus, carrying only a single pos 
charge, and an electron, which, in accordance with the first hypoti 
mentioned above, always moves in certain permissible orbits- ^ 
motion, is subject to Kepler’s laws, like that of a planet round they 
which is situated at the focus of the orbit, so that the privilegedot 
of the electron are ellipses. 

There is quite a number of such stationary orbits, but one ofth® 
unique in that when the electron is moving in it, the atom possess 
smallest content of energy. The hydrogen atom can persist pexmais® 
m this normal state 5 , whereas the Tife 5 of all other stationary^ 
is very short. 

According to the second hypothesis mentioned above, a mo# 
mafic pulse of waves is emitted when an electron passes overt 
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ionary state to another. In Fig. 30 we see the spectroscopic 
ences of the return of an electron to its normal orbit from 
stationary orbit, into which it has passed by virtue of some 
influence such as bombardment by cathode rays. When the 
> the normal orbit takes place from orbit 2, a spectral line of 
.gth 121 m fi is emitted, whilst if the transition takes place 


2 —*. / Transition from the second to first orbit 


•5 —w Transition from tbs third to first orbit 


-— w Transition from infinity (-the ionized stale) to the first orbit 

Spectrum of HyQrogrexi iii tine U1 1 tjl - violet Region i v Xymau Series;. 

3 , a line of shorter wave-length 102 nip is produced, because 
ter energy difference between the two orbits, and so on for 
ransitions.* Should the return take place from an infinitely 
it, a spectral line of wave-length 91 nip is emitted. This last 
ivalent to the ‘neutralization* of a hydrogen ion, since of 
converse process of the removal of an electron to infinity 
the phenomenon of 'ionization . In the light of the theory 
ectra, this neutralization process thus appears as a limiting 
discontinuous quantum states. The above-mentioned lines 
1 lie in the extreme ultra-violet. The lines oi the visible 
: hydrogen likewise have their origin in transitions from one 
rbit to another, e.g. from orbits 3. 4, etc. to orbit 2. 
ive distances of the individual stationary orbits from the 
> atom are represented in Fig. 31. The diameter of the first 
of the atom in its normal state, and is equal to 1*06 x 10~ S 
Iculation of the orbital radii involves only three universal 
le elementary electrical charge e, the mass of the electron m, 
s constant h (p. 62). The same quantities also suffice to 
M 
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calculate the work Hint is necessary (<> I master an election!® 
stationary orbit to another. For instance, we can calculated 
necessary to remove entirely an electron from I he atom, and ti 
result is expressed in volts (see p. Id), we liml t ho value tel* 
this is the ionization potential of the hydrogen atom. 

In the construction of Fig. .*11 it was assumed, for purposes, 
plieity, that the electron moves in circular orbits, so thatht.f 
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i eientiate between the stationary orbits or to describe the ft 
one number suffices, this being calked the quantum number.! 

o e a e to describe the spectral behaviour in all its details, 1> 
it was necessary to introduce a second, and later still a third® 
our i quantum number. Even when a motion takes place ms 
ary e lptieal orbits, itis no longer suflicienl to characterize the# 
/ s-ff ^ on ? number ! recourse must, be bad to a second integral: 

o amerentrate between the different eccentricities of the orbits 
iRnro-w- 10111 that the major axes of the ellipses havetb 

miiL ° r 0rb ^ i * * * S & which possess the same first quantum 1111111 s 
the nvvft 3 Var ^ Wlkl kl ° 8e oond quantum number in such an 
is mm! + aS S reat ®st eccentricity when the second quanto® 
s equal to unity, whilst the orbit is circular when the firsts# 
quantum numbers have the same value. 

hvd™ m V he T y Which led k) our knowledge of the struct* 
strucW "AT haS been a bplied also to obtain inforinatioi 
aided hv +1 ^ °! her atoms ‘ At *I*o same time, this work# 
by invesfW r6SU tS ° f s I )ectr °scopie research, of X-ray sp* 

& 10ns on the bombardment of atoms by electrons.’ 
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i chemistry. It has been found that also when several electrons 
it in the atom, the orbit of every electron is characterized by 
numbers, in a manner analogous to the possible orbits in 
gen atom. 



af Higher Atomic Number 

lg symbols are used for the principal quantum number n : 

K L J 1 X 0 P 

1 2 3 4 ij fi: 

zimuthal quantum number l is characterized by the syrn- 

p d f 

0 1 2 3. 

which appear as single lines in spectroscopes of average 
ver are found to be double lines or groups of neighbouring 
xamined with apparatus of high resolving power. In the 
ription of this multiplicity of spectral lines a further (third) 
nher is introduced, the physical significance of which is as 
electrons exhibit a rotation proper to themselves and 
rred to as ‘spin \ and this confers upon them tiie property 
lets. In the case of a single electron the strength of binding 
different, according to the direction of the spin. Two 
ibilities present themselves for the spin, so that for an 
the same principal and azimuthal quantum numbers 
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there are two different va lues of t he energy of binding, wiet 
doublets in the spectra of the alkalis. I f instead of one election! 
dealing with two mutually interact ing electrons, the conditb 
more complicated, in the first, \ dace by the spin, in the manner!* 
and furthermore by the different possibilities of orientation 
electron orbits with respect to each other. In this way arisethet 
of the alkaline earths and the still higher multiplets of | 
complicated atoms. 

In strong magnetic fields spectral linos are resolved into comp 
the theoretical interpretation of which requires the introduce 
fourth ‘magnetic quantum number’ m. In a strong magnetic! 
resultant vectors of electron spin and orbital impulse expeii? 
definite directional quantization. I n order to establish the distr 
numbers of the level with a given principal quantum niimk 
suffices, in the first place, to disregard spin, in this case them 
possible orientations is one for an ^-electron (/ = 0), threeforapi 
[l = I), five for a d-eleetron (l ■■■■■ 2), and in general (2Z+l)fon 
muthal quantum number L The magnetic quantum number cam 
ingly assume (2Z+1) different values and we must assign to it; 
w r hole numbers from —l to ~\4. 'Pablo 21 shows the possible col 

Table; 21 

Combinations of the Principal , Azimuthal, and MagnA 
Quantum Numbers 


n = 1 

l « 0 

m 0 

n — 2 

l 0 

m «.*■ 0 

n = 2 

l - 1 

?/?. - I 0 + 1 

n = 3 

0 

?7l sr= 0 

n s=s 3 

Z« 1 

W «3 — 1 0 + 1 

n = 3 

Z « 2 

7/2, ^ — 2 ~1 0 -|-1 +2 

n = 4 

z-6~ 

W sa () 

n = 4 

Z = 1 

«» « - 1 0 + 1 

n ss 4 

Z - 2 

m » — 2 — 10 + 1 - 1-2 

n s= 4 

Z = 3 

m = —3 —2 —1 0 +1 +2 + 3 


tions of the three quantum numbers n, l , m, without taking® 
sideration the spin quantum number. Each of these combination 
occur in two ways, either with the spin quantum number +1® 
femce the spin quantum numbers have to differ by unity and If 
m amount, they can only assume the values -f-| and —}• 
excited hydrogen atom, in the ground state where l = s = ^ 
orizontal row of Table 21 reveals to us only one possihe ;c^- 
but this is possible in two ways, with the spin quantum nurf 
or y* here are accordingly two kinds of electrons present 
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atoms. For a p-state of tlie atom (l = 1) there are already 
[e combinations, and so on. Table 22 shows the grouping 
s in the whole periodic system. 

I fixing of the numbers was facilitated by the application 
principle. According to this, two electrons in an atom can 
- in all four quantum numbers, and hence the combinations 
e individual horizontal rows of Table 21 can be realized by 
o electrons, to wit. one with a right-handed and one with a 
l spin. The application of Pauli's principle makes it clear 

Table 22 

The Grouping of Electron* in the Periodic System 


I- -U A* 0 P Q 

P t p d s p d f s p d s p d s 



2 2 « 2 0 i 

2 2 5 2*) 2 

2 2 6 2 5 12 

2 2 6 2 0 2 2 

2 2 0 2 *3 :J 2 

2 2 6 2 6 5 I 

2 2 6 2 6 5 2 

2 2 6 2 6 6 2 

2 2 6 2 6 7 2 

2 2 6 2 6 S 2 

2 2 0 2 6 It* 1 

2 2 6 2 6 In 2 

2 2 6 2 0 11 > 2 1 

2 2 6 2 6 ID 2 2 

2 2 6 2 6 16 2 3 

2 2 6 2 6 lu 2 4 

2 2 6 2 6 lu 2 

2 2 6 2 6 10 2 6 
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TaiUiIG 22 (rnnf.) 



K 


A 


M 




A r 



0 


T 


8 

8 

V 

8 

I> 

d 

I .V 

l> 

d 

/ 

,s* 

P 

d 

a P' 

37 Rb 


2 

0 


6 

10 

! <■> 

l> 



1 




38 Sr 

2 

2 

(5 

2 

(5 

10 

!| 2 

6 



2 




39 Y 

2 

2 

(> 

2 

l> 

10 


C> 

! 


2 




40 Zr 

2 

2 

0 

2 

6 

10 

2 

0 

2 


2 




41 Nb 

2 

2 

(i 

2 

(> 

10 

2 

0 

4 


1 




42 Mo 

2 

2 

0 

“> 

(5 

10 

*> 

0 

5 


I 




43 .. 

2 

2 

0 

2 

6 

10 

o 

0 

(“0 


(2) 




44 Ru 

2 

2 

() 

2 

6 

10 

2 

(! 

7 


1 




45 Rh 

2 

2 

(> 

2 

(> 

10 

-> 

<> 

« 


I 




46 Pd 

2 

2 

(> 

2 

(> 

10 

2 

0 

10 






47 Ag 

2 

2 

<> 

<■> 

0 

10 

*> 

0 

10 


1 




48 Cd 

2 

2 

6 

2 

6 

10 

2 

0 

10 


2 




49 In 

2 

2 

(> 

2 

(> 

10 

>2 

0 

10 


2 

1 



50 Sn 

2 

2 

0 

2 

(> 

10 

-) 

0 

10 


2 

2 



51 Sb 


2 

« 

2 

0 

10 

2 

6 

10 


2 

3 



52 Te 

2 

2 

fi 

2 

6 

10 

*> 

0 

10 


2 

4 



53 I 

2 

2 

6 

2 

<5 

10 

2 

0 

10 


2 

5 



54 X 

2 

2 

(5 

2 

0 

10 

2 

<) 

10 


2 

(I 



55 Cs 

2 

* 

0 

2 

« 

10 

2 

0 

10 


2 

6 


1 

56 Ba 

2 

2 

<) 

0 

0 

10 

-» 

0 

10 


2 

6 


3 

57 La 

2 

2 

6 

0 

6 

10 

2 

<) 

10 


2 

6 

1 

2 

58 Co 

2 

2 

(5 

2 

6 

10 

2 

<> 

10 

0) 

2 

0 

(1) 

(2) 

72 Hf 

2 

2 

”o| 

2 

0 

10 

2 

() 

10 

14 

2 

6 

(3)1 

(2) 

73 Ta 

2 

2 

0 


<> 

10 

2 

() 

10 

14 

2 

6 

(3) 

(2) 

74 W 

2 

2 

(i 

2 

6 

10 

2 

0 

10 

14 

2 

6 

4 

2 

75 Re 

2 

2 

(> 

2 

6 

10 

2 

(> 

10 

14 

2 

6 

(«) 

(2) 

76 Os 

2 

2 

0 

2 

(i 

10 

2 

(> 

,10 

14 

2 

6 

(6) 

(2) 

77 Ir 

2 

2 

0 

2 

6 

10 

2 

(> 

10 

14 

2 

6 

(7) 

(2) 

78 Pt 

2 

2 

6 

2 

<> 

10 

2 

0 

10 

14 

2 

6 

8 

o 

79 Au 

2 

2 

6 

2 

6 

10 

2 

6 

10 

14 

2 

6 

10 

1 

80 Hg 

2 

2 

6 

2 

6 

10 

2 

(> 

10 

14 

2 

6 

10 

2 

81 T1 

2 

2 

6 

2 

6 

10 

2 

6 

10 

14 

2 

6 

10 

2 1 

82 Pb 

2 

2 

6 

2 

<> 

10 

2 

6 

10 

14 

2 

6 

10 

2 ‘l 

83 Bi 

2 

2 

6 

2 

0 

10 

2 

0 

10 

14 

2 

6 

10 

2 3 

84 Po 

2 

2 

C 

2 

0 

10 

2 

6 

10 

14 

2 

6 

10 

2 4 

85 .. 

2 

2 

6 

2 

6 

.10 

o 

6 

JO 

.14 

2 

6 

10 

2 a 

86 Rn. 

2 

2 

6 

2 

6 

10 

2 

6 

10 

14 

2 

6 

10 

2 6 

87 

2 

2 

6 

2 

6 

10 

2 

6 

10 

14 

2 

6 

10 

TT 

88 Ra 

2 

2 

6 

2 

6 

10 

2 

(> 

10 

14 

2 

6 

10 

2 6 

89 Ac 

2 

2 

6 

! 2 

6 

10 

2 

(5 

10 

34 

2 

6 

10 

2 

90 Th 

2 

2 

6 

2 

6 

10 

2 

6 

10 

14 

2 

C 

10 

2 61! 

91 Pa 

2 

2 

6 

2 

6 

10 

2 

(5 

10 

14 

2 

6 

10 

2 6 t ) 

92 U 

2 

2 

6 

2 

6 

10 

2 

6 

.10 

14 

2 

6 

10 

2 6' 


why the Z-group can contain only 2 electrons, the L -groups 
the Jf-gronp only lg, and the iV-group only 32, and why the? 
m the natural classification of the elements contain respects 
; 8 ’ and 32 elements. For if, in the K-, L-, M-, N-, etc., 
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ate sub-groups ($, p , cL f) according to their azimuthal quan- 
bers, we obtain as the highest numbers that a sub-group can 
is can be seen from Table 21. p. 84, in which 1 = 0 = s 9 
7 = :>=rf,J=3=/): 

:2 electrons for an 6*-sub-group (taking account of spin), 

6 electrons for a p-sub-group, 

10 electrons for a tf-sub-group, 

14 electrons for an/-sub-group. 

lie A*-group the azimuthal quantum number is always zero, 
tie .^-sub-group is present, in the Z-group only one s- and one 
ip. and so on. We thus obtain as the maximum numbers of 
Inal groups: 

Table 23 

2laxumim Number of Electrons in the Sub-groups 

2 in the orie-quar.tum A-group 
2 — 6 — S in the two-quantum L-gioup 
2—6— 1M — Is in the three-quantum J/-group 
2—6— 10—14 = 32 in the four-quantum X -group 

mini numbers 2. Is. 32 are the same as characterize the 
the individual periods in the natural classification of the 

iht of the views outlined above we shall now briefly compare 
)f the characteristic X-ray spectrum with that of the optical 
ra. Whereas, as discussed above, the optical spectrum of an 
es its origin to an electron from the outer shell of the atom 
om one possible position to another, the sudden change in 
electrons in the inner layers nearest the nucleus gives rise 
uetion of the X-ray spectrum. Compared with that on the 
‘ons. the action of the nucleus on the inner electrons is so 
ng that it can be considered as almost solely operative. 
:his circumstance that simple relationships are found between 
:eristie X-ray spectra of the elements and their atomic 

her hand, the processes which take place in the outer layers, 
xl from the nucleus of the atom, are scarcely subject to a 
nice of the nucleus, and for this reason we find here no 
ion between the nuclear charge and the optical spectrum, 
i of an element in its group is the determining factor for 
ipeetrum: thus the spectra of the alkali metals show an 
imilar type of structure, in spite of their markedly different 
bers, because the peripheral arrangement of their electrons 
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One of tlie most striking di (Terences between X-rays andoi 
rays is to be found in the fact t hat no absorption lines oceurii 
X-ray spectrum. Thus when, white light passes throughsodium ^ 
the D- lines, which are cliaracteriHtio emission lines of sodiui 
absorbed by the vapour, and reveal themselves as sharp alt 
lines in the spectrum. The analogous phenomenon does not on 
the case of X-ray lines; the A r a -lme of an element undergoes no 2 ? 
absorption by a layer of the same element than the X-ray lineso: 
slightly greater or slightly lesser frequency. The absorption m 
denly only when appreciably shorter wave-lengths are used, m 
the if a -line is simultaneously emitted. This characteristic X-rai 
of the elements is also sometimes called ' fluorescent 5 radiation,! 
in optics we find a similar behaviour with fluorescent substances, 
likewise convert light of shorter wave-length into light of longer 
length. 

On the basis of our conceptions of atomic structure thisfi 
becomes clear. Before an X-ray absorption line could arise, and 
from one of the innermost orbits of the atom would have to be if! 
into a more distant orbit; but all the orbits near the nucleusk: 
full complement of electrons, and absorption can only take place 
the energy corresponding to the incident wa ve-length suffices ton. 
an inner electron to the periphery of the atom. To supply them* 
energy for this purpose, a distinctly shorter wave-lengtli is it 
than corresponds to the emission lines of the element, in contr. 
the case of optical absorption spectra, for the production of# 
only necessary to raise outer circulating electrons to a slightly 
energy level. But once an electron lias been removed from the. 
most orbit to beyond the surface of the atom, in the manner(fe 
the resulting gap will be filled by an electron from the second, or 
or higher orbit, but not from the surface of the atom, and inti 
arise respectively the emission lines K a9 Kp> and so forth. 

The mode of production of the X-ray spectrum is very clearly 
in the diagram of Fig. 33. The JSl- excitation consists in there® 
an electron from the K -group; in the diagram this is indicated*; 
arrow between K and the normal state. The resulting gapinfc 
due to the incomplete population of the if-shell, may now be I 
the transition of an electron from the L- level into the K- level, ^ 
X^-line is emitted in this way. A transition of an electron fe" 
if-level into the if-level is accompanied by the emission of tie i 
whereas the X a -line is emitted by the transition of an electronfe 
if-level into the i-level. 

b Experimentally there are two methods of determining ^ g 
difference between the level corresponding to the normal stated 
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ne of them consists in the determination of the excitation 
, of the A^-series, from which we obtain the smallest kinetic 
j the colliding electron must have in order to remove an 
m the A'-group; and the other is based on the determination 
iting frequency ’ of the A"-absorption jump or absorption 
just suffices, according to Einstein's relation eV Q = hv, to 
le atom during absorption the same amount of energy as is 
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Fig. 33. Production of the X-rar Spectrum. 


an electron of velocity volts. (For information on the 
rels and lines ef. p. 63.) 

i Mechanics and Wave Mechanics 

y to differentiate between nuclear properties (mass of the 
radioactivity, etc.) and peripheral or electron properties 
the chemical behaviour of the elements is determined by 
id strength of binding of the outer electrons in their atoms; 

) optical spectral lines, X-ray lines are due to quantum 
more deeply seated levels of the electronic shell of the 
and other fundamental facts were responsible for the 
of the model of the atom already described and went 
with its development. In spite of these facts, however, it 
?ssary to replace the atomic model by conceptions of a 
lature, first, in order to be able to interpret more compli- 
for the mathematical treatment of which the former 
1 failed, and, secondly, in order to avoid difficulties of an 
1 nature. The advance took place along two different 
quantum mechanics and wave mechanics. In quantum 
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mechanics the course followed wax one indicated by the prim 
correspondence, whereas wave mechanics was developed k 
initial conception that the behaviour of electrons mustbedes® 
a dualistic manner. In tho latte 1 !* oases not only the corpuscular 
of electrons comes into evidence, hut they also possess propeA 
can only be grasped by their theoretical treatment as wavesji 
waves). 

The principle of oorrespemelonce may be stated as follows:Bus 
changes in the atom do not take place continuously, butsia 
The development of the steps is very marked when the energyi 
take place between low quantum states, and as a rule theeniii 
short waves with large values of hv is associated with these chan-r 
when we pass over to higher and higher quantum states, with 
sponding diminution of hv, the development of the steps dega 
in increasingly greater measure. (Complete degeneration.oftk 
however, is synonymous with a transition from the quantum-fee 
to the classical domain, in which the processes do not occur in 
but in a continuous manner. Classical physics is thus rerei 
a limiting case of quantum physics. 

In quantum mechanics wc refrain from stating the posfir 
velocity of the electrons in the atom. Instead of this we mat 
directly observable quantities for tho characterization of these 
the atom, to wit, the frequencies and intensities of spectral tar 
resonators), as well as the energy levels of atoms as establii 
experiments on electron collisions. The relations obtained int 
embrace both the processes to be described by the quantumt 
in which the quantum of action unavoidably occurs, and alsot: 
cesses to be described by classical theory, in which the exist® 
quantum of action cannot be observed. The wave-mechanical^ 
is rendered more intelligible by reference to the theory of light 

Light, in addition to having wave properties which are it* 
say in the phenomena of diffraction, lias also corpuscular p 
which manifest themselves in the photo-electric effect, vte 
quanta or photons are the effective agents. In the case of ebett 
sequence is reversed, for wave mechanics ascribes to them $ 
corpuscular properties, but also wave properties. Trom this f 
view matter, or the electrons and protons composing ft 
resolved into waves. In wave mechanics a vibration law h 
for the atom which is quite similar to the law of the mechanic 
tions of strings. But here we are not dealing with the motion o ® 
particles, but with that of an abstract quantity called the Sc 
^■function, which is only mathematically intelligible. ^Thep 0 , 
that an electron will he situated in a particular position at & 
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rtional to the square of the magnitude of ifr in this region, 
ted for the most part to a single region (as say in the case 
1 electron), we can assume with a probability bordering 
hat the electron will also he found in this confined region, 
are dealing with an electron in. the atom, e.g. the electron 
en atom, the 6-waves are distributed over the whole atom, 
on cannot be localized at a definite place in the atom, hut 
ill be more probable at certain places than at others, 
tiechanicai viewpoint is also of great importance in the 
>activit for it makes the process of disintegration more 
indicated on p. 9S. 


tlcal Appendix to the Chapter on Atomic Structure 

r the motion of an electron and of a positive nucleus, the 
i relative to that of the electron can be assumed to he 
, and for purposes of simplicity let us restrict ourselves 
its. 

)’s law the force of attraction between the nucleus of 

Ye¬ 
an electron of charge e amounts to — 2 ~, whilst the equal 

2)2 2!>2 

directed centrifugal force has the value —where m 

a 

ass of the electron, v its velocity, and a the radius of 
)it. Such an atom, built up after the manner of a plane- 
11 hold together when 


Xe 2 m v- 
a 2 a 


( 1 ) 


>£ series spectra requires that the angular momentum 
tron in the stationary orbits cannot assume arbitrary 

31 always be an integral multiple of i.e. 

nh 

m va = —, (2) 

Die number. 

: equation (2) with equation (1) we can calculate the 
Dit of the electron, its velocity, and also the work (If) 
arate it completely from the atom, or to remove it to 
onize ; the atom. Moreover, we can also calculate from 
>n frequency (co) of the electron in its stationary orbit. 


nVi 2 

l^Xehn 


(3) 
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On the lines of the theory described, the emission of specti 
takes place when the electron jumps from one of the orbits pen 
by the quantum hypothesis into an orbit of lesser energy situated; 
the nucleus, e.g. from the ??.,th orbit to the i?, a th orbit. If v fe 
frequency of the spectral line, and II,’ the energy content of tie- 
in the state n, then 

V h « 1 

Por an arbitrary atom wo have 



where v 0 = —^—- = 109,737 (Rydberg \s constant) X3x10“ j 

is the atomic number of the clement. If or the frequency of thek 
lines (Balmer series) wo obtain 



When %and n 2 are large compared with their difference wt 
n i = 7 h — 71 in the last factor, and by taking account of eqiB 
we obtain for the frequency 

v = (n x —n 2 ) X ^ = (%-~n a )<*>. 

Prom this we see that there exists in the region of large ralr 
a quantitative relation between the revolution frequency^ 
frequency of the radiation, i.e. a ‘correspondence 5 between tk 
and the motion of the electrons in the atom in the regionu 
quantum numbers. The harmonics in the radiation correspond 
(n ± n 2 ). > 1, however, are only present when the motion of tfe 
is elliptical, and not when it is circular. ^ 

If we associate a material wave with every particle, then 
nexion between the frequency of this wave (v) and the mass (#? 
. ^ mc2 [ where c = the velocity of light, and the velocity of f 
tion of this wave is /x = A v. Since the product of the mechanic^ 
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tide and the velocity of propagation (p) of its associated 
we obtain 



l account of the first equation, -we deduce 



mv 


5 wave-length A of electrons with a velocity of about one- 
Sight is of approximate magnitude 10 -9 cm., and of slow 
as are emitted by luminous heated wires about 10~ 7 cm. 
lental equation of wave mechanics (Schrodinger’s differ- 
u) is: 

tes the total energy and V the potential energy of the 

ued, finite, and continuous solution of the differential 
nd only for particular values of the parameter E which 
?quation, and these are called the 'proper'- or ‘eigen 
ifferential equation. The evaluation of the eigen-values 
ial equation thus supplies the required quantum energy- 
s way we obtain for the energy of a linear harmonic 
reement with experimental evidence, 

E = (n—l)hv. 

iccordingly always an odd multiple of half an energy- 
hereas this energy should he an integral multiple of a 
ement (hv) from the viewpoint of considerations based 
?ls. The series of possible energy-steps is thus 3^’, 

on the earlier mode of consideration the series of steps 
2kv, and so on. 
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1. The Constituents of the Nucleus 

As discussed in Chapter VIII, it follows from the largedeflei 
individual ^-particles from 1 heur rectilinear path in their {4 
through, atoms, that the positive charge responsible for their<fe 
is situated at the centre of the atom, and that the atomic nucleus.* 
is the carrier of this charge, occupies an extremely small spat! 
atomic nucleus contains the posit ively charged a-particles wiici 
the atom in the process of disintegration, /3-particles are alsoe 
by the nucleus. This follows from the fact (p. 154) that the exi- 
chemical and spectral changes experienced by the atom inm 
of the emission of an nepartiele ( |- -1 ) a rc entirely annulled kt: 

of two /3-particles (-), a phenomenon that admits of no 

explanation than that the <y- and /3-partioIos are expelledfromtk 
part or the nucleus of the atom. It should be noted, however,i 
the process of atomic disintegration only the primary /3-partiek 
ate directly from the nucleus. The secondary /3-particles, A 
produced during the passage of primary /?-, as well as a-,y-,or 
rays through, the atoms, originate in the electron cloud suite 
the nucleus, just like the electrons that are involved in the pheE 
of ionization or in other chemical processes. Thus the /3-raysi 
emitted along with the a-rays from radium, radiothorium,and 1 
actinium have their origin exclusively in the electron shell oftfe ; 
(see below). 

The a-particles, however, arc not the ultimate bricks of vfe 
nucleus is composed, for in the process of the artificial disrf 
atomic nuclei protons, and in other cases neutrons, are ejects 
the nuclei. We must regard those protons and neutrons as the A 
constituents of the nuclei, and consider the ocparticle as ai 
molecule 3 of the c nuclear atoms 5 possessing especial stability,^ 
:om the union of 2 protons and 2 neutrons. If we make this# 
we need no longer assume that electrons are present in the 
the nuclear or primary /3-particles that we observe are prodw 
diately before their emission by the transformation: neutron- 
ton-j-/3. The atomic number expresses the number ofpr 0 ^' 
nucleus, whereas the number of neutrons in a particular 
obtained by subtracting the atomic number from the integer^ 
the atomic weight. Isotopes accordingly differ in the numbeE 
trons contained in their nuclei, the simplest case being hb * 
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icleus of which consists of a single proton in association 
i. Even though a-particles are not to be regarded as the 
ituents of the nucleus, they play a very important part 
re. In the spontaneous nuclear decay of radioactive 
articles are frequently ejected, but never protons, and 
se mass is a multiple of 4 we never observe disruption 
subjected to the influence of ^-particle bombardment, 
ility of the a-particle is explained by the comparatively 
iss entailed in its formation from protons and neutrons, 
li is of a strongly exothermal nature. 

•eet method of evaluating the nuclear charge (see p. 32) 
s to measure the scattering which ^-particles experience 
through its atoms: but the most convenient way is the 
lie nuclear charge from the wave-length of characteristic 
the basis of Moseley's relation (see 63). 
on nuclear structure is obtained mainly from the study 
f: (a) the scattering of ^-particles (and in part also of 
:ieir passage through atoms; \ b) ^-particles of long range 
ucture of the a-rays: (cj the wave-lengths of the pene- 
whicli leave the atom in the disintegration process; 
n of the atom ; \ e ) artificial radioactivity ; if ) the devia- 
?rs of the mass of the isotopic types of atom ; (g) the 
icy distribution of the elements. 

Force in the Neighbourhood of the Nucleus 

ion of the scattering of x-partieles (ef. also the discussion 
) a strong pencil of ^-particles of definite velocity is 
a thin sheet of the scattering substance, and by means 
•omits the number of particles deflected through say 
?d. As a rule, for every 10 5 incident particles about one 
J is observed. By variation of the velocity of the inci¬ 
te dependence of the scattering on the energy of the 
letermined. If the electrostatic repulsion between the 
uid the positive x-particle is consistent with Coulomb's 
xpected that the number of scattered ^-particles will 
(ortional to the square of their energy. The scattering 
atoms of the elements which lie between uranium (92) 
s found to be in accord with this expectation, 
dance of approach of an x-particle to the nucleus of 
)t be smaller than the radius of the copper nucleus, 
radius of the copper nucleus would have an influence 
stribution of the deflected a-particles. Thus the dis- 
tproach of an x-particle to the nucleus yields the upper 
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limit for the radius of the copper nucleus, arid, this is found to 
10-12 om , if w e consider the ease of a uranium nucleus instes 
copper nucleus and use the fastest (*-particles, we find for tie4 
of nearest approach of the ^-particle to the nucleus and hencei 
upper limit of the radius of the uranium nucleus the value 3 x Jr* 
Should the a-partieie penetrate into the nucleus of the atcs 
validity of Coulomb’s law must cease and in place of it anofat 
be effective. The occurrence of a different law of force from 
Coulomb in the immediate neighbourhood of the nucleus,Koj¬ 
in the investigation of the phenomenon of the scattering of a-p 
by lighter atoms such as magnesium or aluminium. For ver 
a-particles we find here also only a. small deviation in then 
scattered particles from the theoretical value calculated onl 
of the validity of Coulomb's law; but when the velocity of tie 
tides is increased we find at first a marked diminution andi 
increase in the number of scintillations observed experiment 
the number observed is always less than that calculated far 
In Fig. 34 the ordinates represent the numbers of scintillations 
expressed as percentages of the values calculated theoretically,- 
the abscissae represent the reciprocal values of the energy of the:: 
“-particles, for the case of aluminium and for a scattering £ 
135°. The broken line represents the results for gold as the scf 
substance, and here the value established experimentally am® 
100 per cent, of the value calculated, since Coulomb’s law® 
holds strictly for the approach of a-parfcicles to heavy nuclei 

The anomalous scattering shown in Fig. 34 for the case of alt 
and other light atoms must be interpreted by assuming that iff 
approach to the lighter nuclei a force of attraction is superpose! 
Coulomb force of repulsion, the observed effects being due to4 
resultant from these two components. 

Apart from that described above, there is yet a second 
calculating the magnitude of the nuclear radius, to wit, fromtk 
city of the a-particles emitted. If we assume that an 
its expulsion from the nucleus is released from the surfaced 
velocity and is then repelled in accordance with Coulomb’s 
both the a-particle and the residual nucleus are to be regarded 
charges, we can then calculate the required nuclear radius 
manner (law of potential) from the energy of the a-particle ^ 
experimentally. *)• For the uranium nucleus we obtain in 
r ^ 6-5 x 10~ 12 cm., whereas the above-mentioned deflexion 

t The energy B = —-—, whoro r = nuclear radius, e — 

v 

charge, Z = atomic number. 
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quite different value r ^ 3*5xl0~ 12 em. Thus when we 
s behaviour of ^-particles in the process of scattering by the 
h that when they escape from the nucleus, we are led to 
results. This contradiction manifests itself also in another 
we shall consider in what follows. In order to explain the 
i of scattering we must assume the existence both of a repul- 
attractive force, of which the former predominates at larger 
id the latter at smaller distances from the centre of the 



r 


Energy 

iun from Coulomb's Law near the Nucleus. Scattering of ^-Particles 
through 135 : by Aluminium and Gold. 


e plot the potential energy of an ^-particle in its depen- 
istance from the centre of the nucleus, we obtain Fig. 35. 
t of the curve corresponds to the distance from the centre 
for which the attractive and repulsive forces just balance 
Within this distance the attractive forces are the cleter- 
and the potential can assume a negative value, whereas 
ances from the nucleus the potential due to the electro- 
minishes with increasing distance. On the basis of classi- 
e can calculate the potential at a distance of 5 X 10” 12 cm, 
e of the nucleus, and for uranium this works out to he 
l volts. Since the fast a-particles possess energy of this 
sy should be in a position to penetrate into the nucleus 
atom. The phenomenon of scattering, however, shows 
the case, and that ^-particles are prevented from pene- 
? nucleus. It is possible to eliminate the contradictions 
e turn our attention to the wave-mechanical mode of 
ribed on p. 89 et seq. Considerations that have been 
o 
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undertaken on this basis lead to a curve whose maximum lis 
nearer to the nucleus than that ol Fig. 35 (0-7 X 1(H? cm, 
5x 10 -12 cm.)- (Vrespomlingly, the maximum protective]® 
lies very much higher, at HO million volts instead of at 5 mil® 
and falls off very rapidly in the direction of the nucleus. Tits 
is thus protected by a barrier at an exceedingly high potai 
the basis of classical ideas no particle should be able to sum* 
barrier in either direction, and if a-particles are emitted from fe 
at all, they ought to escape with a markedly higher energy 
30 x 10° volts) than that found from experiment. However,if«• 



Fig. 35. Variation with Diwinncc of the Potential Energy of ani-Tirte 
in hho Fiold of flio Uranium Nucleus. 

use of the ideas of wave mechanics, it is possible for an a-pam 
the wave system with which we identify it, occasionally to rot 
nucleus, without having to surmount the potential barrier. Fr? 
viewpoint of classical mechanics the particle will never lie* 
escape (i.e. surmount the barrier); wave mechanics, on theoto 
concedes a finite probability of escape through the thin ton® 
greater the energy of the a-particle and the thinner and lower tie? 
through which it passes, the greater will be the probability ofit» 
In this way arises a close connexion between the energy of an i-y. 
and the decay period of the element emitting it. This is the itto 
Geiger and Nuttall, which we shall discuss on pp. 105 andtf 

3. Energy Levels of Atomic Nuclei 

We have seen on p. 80 et seq. how the idea of energy levels 
with the greatest success, in the explanation of the struct® 1 
extra-nuclear part of the atom. In what follows we shall ^ 
considerations that have led us to assume the existence of 
also in the atomic nucleus, and the nuclear energy level sc ^ 
have been obtained. 
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e most important observations which led to the assumption 
rels in the nucleus was the result that not all the a-partieles 
itted by the nuclei of certain radio-elements have the same 
in the case of the 3 -particles from ThO or AcC (see p. 26). 
dividual radio-elements other sharph’ defined lines occur 
the main line in the velocity spectrum of the ^-particles 
hem. Thus the following five groups of arrays are found in 
?etrum of ThC (Table 24). From the figures entered in the 

Table 24 

Energies of the x-Ray Groups emitted by ThC 


Group 

Entrgy in e.F. 

n 

£•201 10 s 


£•101 „ 


0-S73 „ 


0-729 „ 

2kg 

0-709 „ 


that of the x-rays emitted in the transformation of ThC 
ly part of them are ejected with the maximum energy of 
, the remaining groups having a smaller energy content, 
e between these latter energy values and 0*2 10 6 e.Y. is 

le resulting ThC" nuclei. Accordingly, some of the ThC" 
surplus content of energy, so that from the viewpoint 
4s they are in an excited state. From the fact that there 
rent groups of ^-particles with a smaller energy content 
imum we can conclude that there must be four different 
ation in the nucleus of ThC". There will he an additional 
1 a normal energy content, and this will exist in all ThC" 
have been produced from ThC after the emission of an 
nergy — 6*2 10 6 e.Y. 

tes have only a limited life, and we should expect that 
rplus of the excited nuclei will gradually be emitted in 
•avs, in a manner analogous to the production of spectral 
I spectroscopy (p. SI). This is just what happens, for 
rays, and in the spectrum of these rays we find a series 
he frequencies to be exacted. Thus from the results of 
fie we should expect an amount of energy given by 
= 0*040 million e.Y. to be liberated in the transition from 
hO" nucleus to the ground level (level 0): this amount of 
tually appear in the form of y-rays in the spectrum of 
tied by ThC". Likewise in the transition from level II 
so on, in the nucleus of the ThC" atom, the quantities 
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of energy liberated reappear in the form of lines in the result* 
spectrum, as may be seen from Table 25. ™ 

Tab ui 25 

Energy Differences between the. (/roups of allays emitted by ® 
Energies of the Lines in the y-Iiay Epee,(rum of ThG" ( Energies »» 

Transition between Eneryy <lijfetruce, of 
_ the "' r( W (frouiM Energy oj the y-lme 

Lj—L 0 <>*0*1<) 0*040 ~ 

^ii—Lq 0*32 tS 0*327 

L m ~L Q 0*47 2 0-471 

Lu-Li 0*28 8 0*287 

L m —Lj 0*432 0*432 

Lry • Lx 0*452 


Also in the case of a /3-ray disintegration it is very 
that the resulting nucleus in in an excited state, and in most* 
energy surplus contained in the excited nucleus is radiated in 4 
of y-rays, the nucleus passing over into the normal state, Si 
this state has been reached, when we arc dealing with a nuck 
emits a~rays, does the emission of an a -partiole occur. Veryinfreip 
however, we are presented with another picture. Here the nuck 
are left in a highly excited state after the emission of /3-partick 
first emit y-quanta, but the energy of excitation is added to tk 
of the normal a-par tides, so that more energetic a-particles if 
range are emitted in place of those of normal range. Thus ties 
a-particles from RaC', which is produced by /3-disintegrationfot 
have an energy of 7*68 X 1G G e. V., but the emission of every Wf 
of normal range is accompanied by the emission of about 22 f 
of long range. A more detailed investigation has shown to 
particles of long range are distributed among some 12 groups of# 
energy content. Now we have already seen that the energy? 
a-particles of long range is due to the fact that the energies ofe® 
of the nuclei are added to the energy of the normal a-particles,# 
may regard as being emitted from the normal or ground W s 
nucleus. In view of the fact that there are thus 13 velocity? 
a-particles, we can deduce the initial existence of at least 13 eneig 
m the nucleus of RaC'. In the y-speetrum of RaC' therearean® 
lri j S + T^ C ^ corres P on( l to the differences of many of these enei? 
am is can be regarded as a further argument in favour of4 
enee of such levels. In order to be able to interpret all the» 
y-ray spectrum we must assume the existence of two addition 
in the nucleus of RaC'. These are the considerations which to 
the scheme of nuclear levels represented in Pig. 36. The a®" 
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umber of the relevant nucleus are given for each system 
ell as the radioactive disintegration to which the succeed- 
wes its excitation. Xuelei of different mass number are 
vertical lines. 


Others- 
Icvds 



iC'lierne of Energy* Levels of different Xuelei, obtained by the 
Analysis of the Fine Structure of 2 -Rays, of the Long-Range 
2 -Rays, and of the 7 -Rays. 

scussed above have reference to nuclei whose state of 
v. Under t he action of neutrons it is possible to obtain 
lergy levels. When a neutron is taken up by a nucleus 
omit of energy is liberated, to wit, the energy of binding 
which usually amounts to some T to 8;<10 6 e.Y. This 
appears as energy of excitation of the newly created 
then gradually emitted in the form of y-radiation. Ex- 
vealed an extraordinarily large number of nuclear levels 
•egion; they are accounted for by the large number of 
lents (neutrons and protons; involved in the building 
*r nuclei [1], 

ie p - and y-Radiations 

pration of substances with emission of /3-ravs each 
tom emits one /3-partiele. The emission of y-rays is 
associated both with jS- and with x-ray disintegration. 

; pass through the electron shell of the atom they release 
tides, so that these do not originate in the nucleus. In 
mmher of secondary /3-particles exceeds the number of 
des, which have their origin in the nucleus. By the 
the deflexion of /3-rays in a magnetic field ? line spectra 
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Chap; 

of the rays have been observed, but they are of secondary orip 
■way of showing this is to allow y-ray h from various radio-etae 
fall on different substances and to investigate in a magnetic fit 
energies of the secondary /3-rays liberated from the substance 
this means it is possible to produce in foreign atoms the magnet 
spectra which otherwise are produced in the shells of the atoms 1 
emit the /3-rays. Substances like radium, radiothorium, and 
actinium are a-rayers, but in spite of this they exhibit a i ; 
/3-spectrum. This fact supplies us with the most direct prooftr. 
magnetic /3-spectrum is of secondary origin. 

The connexion between the energy of the /-impulse and tk 
jS-particles ejected from the electron groups of the atom is as i 
The energy of the ejected /3-partioIe is equal to the energy (fc 
y-impulse less the work which must be performed in order torch 
electron from the electron group involved in the process. Si; 
will be different for the various grou ps from which the electroni. 
released. Let us consider, for example, the very simple spectr. 
radium. There are three /3-lines present in this spectrum m 
energy values are 0-876X 10 r> , I*72()x 10 r> , and 1*8 56X10 5 e.Y.B 
two differ in energy by 0*844 x 1() 5 e.Y., and the last two by0-11 
e.V. Prom these values it follows that the y-quanta which to 
nuclei liberate secondary electrons from the A r -, L r , and 
the radon atoms resulting from the disintegration of atoms of u 
since 0*844xl0 5 is almost equal to the difference between tbr 
of separation (0-981 xlO 5 and 0*180 X 10 s e.V.) of a K- andofi 
electron, whereas 0*136 x 10 5 e.V. is the difference betweenthe^ 
separation for an A r electron and for an Jfj-electron ( 0 ’M 5 Xk 
all for an atom of radon. The values for the works ofsep 
are known from X-ray spectroscopic data (cf. p. 59). Tbeii^ 
of these results lies in the fact that as soon as we know 
of the /bray produced and the work necessary to separate! 
its particular level, we can* immediately obtain the energy 
y-ray emitted by the nucleus, which is simply the sum oftte 
quantities. In some cases this is the only method of evalaatit 
energy of the y-ray. The value of the energy of a y-ray fromrf 
1*89 x 10 5 e.V. In general it is necessary to assume that several 
y-rays are emitted from the nuclei of a radioactive substance,® 
to be able to interpret the lines of the secondary ^-spectrum* * 
be seen from Table 26 that the y-spectrum of RaC consists o * 
It was at one time assumed that the y-ray in its passage^ 
the electron shell gives rise to photo-electric effects, andi*V 
produces the discrete groups of /3~rays. Rut it has been show# 
intensity of the /bray groups is much too large to be e 
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Tabee 26 

y-Raif Lines of RaC (83) 

Assumed ivories of separation of 

Levels from which the A an electron for the element 84 


^ ray ft originate 

( in X. V.) 

(e.V.) 

U 

209-5 


K L l 

44*9 

K = 0-928 X 10 s 

ik Lf 

37-2 


K Li 

31*7 

^ = 0-168/ I0 5 

K Li 

28*8 


K 

24-5 

L a = 0-161 x 10 s 

k Li m 1 

20*2 


K 

10*0 

L m = 0-135 X 10 5 

K 

13*1 


K Li Mi A* 

10*92 

Mi = 0-041 / 10 s 

K h 

9-89 


K 

8*89 


K Li Mr 

8*66 


K L t 

6*94 


K Li 

5*57 



electric effect, and in many cases there is a very rich 
s liberated from the shell of the atom by the y-rays. 
of ThB the y~line of wave-length 51*2 X.U. produces 
ns from the A"-level of more than 25 per cent., and in 
-radiation from RaD a separation yield of more than 
been established for all the levels. The y-lines that 
rgy are those of energy 26*5 ■ KP and 22*2 ;< 10 3 e.T., 
ely from ThC* and RaC, whereas the softest y-lines are 
2 and ThC" with respective energy values 0*32 x 10 s 
as obtained from the magnetic spectrum of the rays, 
tted in the form of y-radiation in the process of nuclear 
n be determined either ealorimetrieally or by the 
:he ionization produced by the y-rays. The amount 
per hour by I gin. of radium is 25*5 calories, and of 
are to be attributed to the y-radiation emitted by 
of the total secondary /3-radiation being included in 
In the calorimetric method of determining the y-ray 
lg points should be noted: (a) the effect of the a-radia- 
;; (b) the y-ravs are very penetrating: and (c) it is 
ite the effect of the y-radiation from that of the 
these reasons the calorimetric method is less satis- 
onization method. Thus it is found that the y-rays 
f Ra{ R—C j equivalent to I gm. of radium produce 
ons per second in air, and since the energy required 
>f ions in air is 32*5 e.Y„, it follows that the quantity 
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of energy radiated in the form of y-rays from this amount of^ 
is 8*8 calories per hour. The mean value of the energy emitted: 
form of y-radiation during the disintegration of a RaB atomtf 
with the succeeding product is 1*80 X 10° e.Y. 

5. The Continuous Spectrum of (3-Rays 

The /3-rays emitted by one and the same radio-element, tie: 
of which disintegrate by ejection of ^-particles, have velocity 
vary over a wide range. We are here confronted with a cont 
spectrum, in contrast to the line spectrum shown by the resole: 
a magnetic field of /3-particles liberated from the atomic shells, 
disregard its very feeble y-radiation, RaE emits only /3-rays, st 
particularly suitable substance for the investigation of tie con 
/3-ray spectrum. This can be carried out either by experiments 
magnetic deflexion of the rays or by absorption measurement' 
found that the energy content of the /3-partieles ejected by fe- 
of RaE varies between T23xl0 6 e.V. and 2xl0 5 e.Y., so A 
electrons that leave the nucleus of RaE differ in their energy vi 
more than 1X 10 6 e.Y. By the measurement of the develop 
heat by the whole of the /3-radiation from RaE it has been ps 
show that these energy differences do not arise from the occurre 
say secondary processes connected with the passage through tie: 
shells of the /3-particles coming from, the nucleus. This develops 
heat corresponded to 3-37 X10 6 e.Y. per particle, andwaseqii 
mean energy of the continuous /3-spectrum (cf. Table 27). Thus!' 
ference of nuclear /3-rays into secondary radiation does nottakp 
the outer shell of the RaE atom, and the various RaE nuclei emit 
of different energy values. If the half-value period of freshly to 
RaE he determined and compared with that for an older prep 
most of which has already decayed, the two values of the p® 
found to be accurately identical, and the same statement hot 
case of the succeeding disintegration product RaE. Trom this it ■ 
that the energy content of all the RaE atoms must he the »■ 
likewise in the case of all the atoms of RaF. This is an 
result, since the various RaE atoms disintegrate into 
emission of different amounts of /3-ray energy. 

In order to resolve this contradiction it is assumed that 
taneously with the emission of a /3-particle, every Ra® ^ 
emits a second very light particle that does not ionize* Th e & 
this ‘neutrino 3 , together with that of the electron (^-ray),^^ 
be equal to the difference in energy content between the oxigh 1 - 
and that of the succeeding product of disintegration. Thus t f 
the energies of the electron and the neutrino is the trueecef 
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t can be obtained from the upper limit of the /h spectrum; 
st electrons the energy of the neutrino is zero. According 
4 sis. the emission of 3-radiation is not a unitary elementary 
te emission of a light quantum, but a dual process con- 
imultaneous emission of an electron and a neutrino with 
total energy. 

corresponding to the upper limit of the continuous 
several radio-elements is shown in Table 27, which also 

Table 27 

mows 3-Bay Spectrum of several Radio-elements 


T 

Average energy 
{hi 10 3 e. 1’. f 

Energy of the upper limit 
(in I0 5 e.I\) 

IT 4 min. 

S *2 

23-2 

26-S „ 

2-3 

6*5 

19-7 

7-4 

31-5 

5*0 days 

3-4 

12-3 

6*13 hours 

5-6 

22-5 

10*6 „ 

0*89 

3-6 

60-5 min. 

S-0 

22*0 

3*1 „ 

5-S 

ISO 


lues of the average energy of the 3-speetrum in each 
df-value periods of the radio-elements concerned. 

s within the Disintegration Series 

le relation between the disintegration constants of the 
uid the ranges of the ^-particles emitted. If. as in 
:he logarithm of the range as abscissa and the logarithm 
ition constant as ordinate, we obtain for each of the 
it ion series a separate straight line. The relation fails 
es. as in those of RaC' or AeX. However, the forniulat 
basis of wave mechanics can be applied with some success 
tamed cases. In addition to the quantities mentioned, 
involves the atomic number and the nuclear radius, 
ion to that which holds for *-rays is also obtained for 
: the logarithm of the disintegration constant against 
the energy of the upper limit of the continuous j3-ray 
$). It will be seen that the points fall on two distinct 
anation of this, the view has been advanced that 
ish between those radio-elements whose disintegration 
with the same angular momentum as the disintegrating 
e for which this is not the case. The upper graph in 
* See footnote on p. 140. 

P 
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Fig. 37. Relation between tho Range and the Disintegrate 
Constant for a-Rayors. 



Fig. 38. Relation between tb© Energy of Disintegration 
and the Disintegration Constant for j3-Rayers. 
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ies the results for radio-elements whose nuclear angular 
es not differ from that of the nucleus resulting from the 
ation, whereas the lower graph refers to radio-elements 
■ray disintegration is accompanied by an alteration of one 
gular momentum. In general, the probability of dis¬ 
eases when there is no change in the angular momentum 
ttion. 
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THE TRANSMUTATION OF THE ELEMENTS 


The elements owe their great stability to the protection aim 
the atomic nucleus by the potential barrier arising from, the pc* 
electric field surrounding it. (!harged particles, rich in energy,* 
to break through this barrier and client a transmutation of tk 
nucleus, but the harvest is in general a very modest one. As&n 
particle which succeeds in penetrating the barrier is taken over 
nucleus, and in many cases this process loads to the ejectionofapri 
another heavy particle. The outcome of al 1 this is the formation* 
stable nucleus or of a radioactive u nstable nucleus, in whichkte 
we are presented with an instance of radioactivity produced lyr 
means. Let us first discuss the various types of nuclear tns> 
tion without regard to whether or not the resulting nucleusis? 

The following types of nuclear IransmuI,a,lion are know. 


(a) + £* = " 8 0 +\H 

(b) “Be + *a = x §0 

(c) “Be + IK = “Li -|- x Ho 

(d) “Be + X H = “Bo +\D 
(«) ILi + }H = JBo(+y) 

(/) + JD = X ?N +J»* 

(?) 5Na + JD = “Na +• ‘HE 

(h) «A1 + JD = “Mg + JHo 

(i) “Al + in = “Na -1- *Hb 


O') 13 Al + l n — 

(k ) fjAl + in = uglify 

(l) JBo + y = * Be +? 
(»») 3 Li + fD = 

(») *iB + 1H = 3jHe 
( 0 ) “B + ID = 3 jBe 
(/>) ilCA T 1H = SJSc 
(q) S“Ou + in = 29CU +b 


The possibility of a transmutation of the nucleus as a result ofbfi 
ment by particles rich in energy was first established in the ® 
nated (a) above [1], 


1. Nuclear Disruption caused by a-Rays 

Magnesium bombarded by the a-rays from ThC' emits threef 
protons [2] having the ranges 31, 40-5, and 52 cm. Allthreepj 
protons are emitted in the capture of a-particles by the most**; 
isotope of magnesium, 24 Mg, and 27 Al is produced. The • 
between the mass defect of 24 Mg plus the mass and energy 
particle and the mass defect of 27 Al plus the mass and enerf 
proton emitted gives the amount of energy absorbed in the W 
tion. The protons of range 52 cm. are emitted when the res# 
nucleus is in the ground state, whereas for the other tve $ 
resulting 27 A1 nucleus is in an excited state. The correspond 
of energy in the latter cases which remain for the time being® 
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‘ difference in energy of protons of range 52 cm. and 
one hand, and of 52 cm. and 31 cm. on the other, 
the yield of disrupted atoms increases with the energy 
g particle, but this is by no means always the case, 
rapt ion of aluminium nuclei it is found that there are 
tines (resonance levels) of the incident ^-particles which 
eetive [3, 41. In the bombardment of aluminium with 
ige 3*9 cm. protons of range tip to 66 cm. are emitted, 
e jt-radiation is reduced to 3*7 cm. by the introduction 
layer, say by an atmosphere of carbon dioxide, the 
ns emitted by the aluminium nuclei shows a marked 
further reducing the range to 3*45 cm. the emission 
ge number of protons is again observed, hut now they 
re up to 61 cm. Two additional resonance positions 
bund for ranges of the incident i-p articles of values 
respectively. A closer investigation showed that the 
n each case consist of two homogeneous groups, one of 
smaller energy, as can be seen from Table 28 [3], A 
lergy is emitted when the captured jt-partic*le takes up 
owest energy level in the nucleus, whereas the proton 
taller energy value when the at-particle takes up a 
ti in a higher energy level. The difference in energy 
form of y-rays when the a-particle passes over, in the 
to the lowest energy level of the aluminium nucleus. 

Table 28 


reduced by the x-Bombardment of Aluminium 


EJft ct t re a - pa rt telt 


Zlange of protons 
ejected (in cm.) 

in cm.) j Energy (i 

’n volts } 

9 3*25 .■ 

• lo« 

66 and 34 

*5 4*86 • 

10 s 

61 „ 

30*5 

l 4*49 

. 10 s 

55 „ 

26-5 

r 4*0 y 

10 s 

49 „ 

22 


n described is only detected when thin aluminium 
le retardation of the x-particles takes place in a thick 
l all eight groups of protons appear simultaneously, 
henomenon, according to which the yield of disrupted 
r large for definite energy values of the disrupting 
cable only with relatively slow ^-particles, and this 
hat in the following way. ^-particles rich in energy 
ut the potential barrier, as in the case of ^-particles 
m volts when they are incident on beryllium nuclei, 
on the other hand, being less energetic , are forced 
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to find their way through the potential barrier, and they cam 
this to any appreciable extent when resonance levels exist. Fa 
bum there are such levels at 2-5 and 1 -4 million volts respect® 
that a-particles with these amounts of energy are able to tars 
barrier with relative ease. 

2. Nuclear Disruption caused by Protons and by Deutera 

The behaviour of lithium and of boron has been investigate! 
thoroughly with respect to positive rays of hydrogen, i.e. p 



Fig. 39. Relation between tlio Number of a-Particles ejected 
from Lithium and the Hu orgy of the Incident Protons. 

different energy [5]. Disruption of lithium under emission ol 
has been detected even for a value of the incident energy of- 1 ' 
but with increasing energy of the H-j particles (cf. Fig. 39) fc 
of disruption rises rapidly. As the energy of the protons is ia» 
200 to 500 e.kV. the yield of disrupted atoms shows a ninefold! 
and as the energy is raised to 1,200 e.kV. a further c. fivefold 
in the yield is noted; the value of the yield observed is here 5X M 
highest yields are found in the bombardment of deuterium#? 
rays of heavy hydrogen; for incident rays of energy b 000 ei 
yield of disrupted atoms amounts to one in a few thousands, i 
phenomenon of disruption is observed for a value of the enerf 
as 20 e.kV. 

The phenomenon of resonance described on p. 109 has ' 
observed in a few cases of disruption by accelerated ' 
disruptive process pji-fJH = *Be (+ r ), when very thin 
are bombarded by protons, the yield increases very rapidly wj 
ing energy of the protons, attains a maximum at 0*45 e,k ■> 
falls rapidly as the energy is still further increased. 
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r of the a-particles ejected when lithium is bombarded 
ive a range of 8*4 cm., but particles are also present which 
nges (0*5 to 1 *7 cm.) and a similar frequency of occurrence, 
^articles arise from the process |Li-f JH = ple+ple, 
rarer are due to the disruption of |Li. In the disrup- 
by deuterons. a-particles of range 13-2 cm. are observed, 
up about ten times as strong with a continuous distribu- 
etween I and 7*S cm.; the former are the result of the 
> = 2|He. whereas the latter are due to the process 
e— In. In addition, when the disruption tabes place in 
h the scheme |Li+p3 = jLI-lJH, protons are also 
r range of 30*5 cm. for deuterons of energy 500 e.kV. 
f a-rays of range 8*4 cm. by lithium when it Is bom- 
>nic rays takes place in accordance with the expression 

JLi-f JH = |Be = 2fl3e 5 t 

1*0081 = 8*0078—0*0183 = 2x4*0039—0*0183. 

it a loss of mass of 0*0183 takes place in the process, 
gyi corresponding to a mass-difference of 0*0183 units 
it has the value 17-04X IQ 6 e.V., so that we should 
lint of energy to be released in the above process. Just 
energy, more accurately 16*97 ,-; 10 6 e.V., is found in 
kinetic energy of the He-ions ( 2 -particles) produced, 
ses of atomic disruption are presented by the effect of 
a heavy hydrogen [6] (deuterium): these are as follows: 

~-“D = |T -*H, fD-pjD = me—]n. 

t these processes lead to the formation of isotopes of 
s 1 and 3, an isotope of helium of mass 3, and neutrons. 

ruption caused by Neutrons 

e elements can be transformed by bombardment with 
1 the atomic number of the elements gets larger, the 
so increases, and this progressively protects the nuclei 
from the influence of incident charged particles, 
dements of higher atomic number than say calcium 
fected by bombardment with a-particles. Xeutrons, 

the JBe atoms so prfjduoed are in a highly excited state, but only 
»m disrupt into two ^-particles; the remainder emit their excess 
y-rays of energy' IT 10® e.V. ref. p. 123b 

theory of relativity there exists between the energy content (JET) 
a system the simple relation M — E c% where c represents the 
•e also Table 57, p. 294.) 
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on the other hand, having no charge, are able to reach« 
heaviest nuclei and to become incorporated in them. In a coni 
of atomic transmutation under the action of neutrons it is m 
to distinguish between three eases: 

(a) The admission of the neutron into the nucleus is accou 
by the ejection of a proton, so that the atomic number is rei 
one unit, whilst the nuclear mass remains unchanged. 

(b) The admission of the neutron into the nucleus is accoi 
by the ejection of an a-particle, so that the resulting element 
atomic number smaller by two units than the original element 
nuclear mass smaller by three units. 

(c) The admission of the neutron is not accompanied by thei 
of a nuclear constituent. The neutron is simply captured by ttei 
and the result is the formation of a higher isotope of thei 
under consideration. 

These three possibilities are well illustrated by consider! 
behaviour of the element aluminium: 

(a) «A1 +ln —> “!Mg+ \H, (b) '"Al+Jn —> M 

(c) «AI4>—->£A1. 

To bring about the processes designated (a) and (b) it is neces 
use neutrons of high energy value, for the reaction (a) card 
place when the sum of the masses of jJAI and ]n plus the eqi 
mass of the energy of the neutron exceeds the sum of the masses 
and the proton plus the equivalent mass of the kinetic energy 
proton. Tor this to be fulfilled it is necessary that the kineticei 
the neutron shall have a value of several million electron vot 
third case (c) is different. This process is exothermic andcantafe 
even in the entire absence of kinetic energy. Since slow k 
are captured much more readily than fast ones, the process? 
ceeds by preference under the influence of slow neutrons, 
been seen on p. 76 that these slow neutrons are producedbj* 
fast neutrons, such as those emitted by a radon-beryllium 
pass through water, paraffin wax, or other substances contain®- 
gen. The process (c) is sometimes designated 'hydrogen $ 
and can be encouraged by surrounding the neutron son® 1 
purpose with a layer of water or paraffin wax several centitf 
thickness. 

The process of nuclear disruption is usually studied by^ 
of a Wilson cloud chamber, or of the effect in an ionization c® 
a counter device of the ionizing particles produced during*® 
process. In the case of the reaction 

*B+3*=nB ILi+fEe 
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ssible to establish the formation of helium by optical 
From the amount of helium determined in this work it 
that a beryllium-radon source containing 1 milli-curie 
at least 0*7 >* I0 3 neutrons per second [8], 

the products of transformation effected by neutrons 
ble atoms but unstable radioactive atoms. Such radio¬ 
es have been produced in large numbers by neutron 

thod used for the production of artificial radioactive 
lie bombardment with ^-particles. This was soon re- 
method of neutron bombardment, which has a much 
application, and the technique of which is much 
•entlv. however, a very potent third method (the eyelo- 
been introduced. In this method the elements are 
leuterons, and it is so effective that it is not unlikely 
e it will largely supersede all other methods, (See p. 114 


ruption caused by y-Rays 

has been possible to bring about an alteration of the 
ction of y-rays from the radium and thorium series [9], 
which is a relatively weak structure, can be destroyed 
y-rays. whereby an atom of heavy hydrogen is eon- 
ght hydrogen atom and a neutron, in accordance 
tg expression: 

fD—*/ = \H~ln. 

a ThC" are used, which possess an energy quantum of 
.V., particles \H and are obtained, each of energy 
'ram this it follows that the destruction of the deu- 
Kjuires an amount of energy given by 2-1 10 6 e.V. 

also can be disrupted by the y-rays from radium 
lets, in accordance with the scheme: 

JBe-ry = 

a amount of energy of 1*6 v lo 6 e.V. suffices for the 
ron from It should be mentioned that the above 
ting the action of y-rays on heavy hydrogen is re- 
een possible to observe the union of neutrons with 
‘ompaniment of y-ray emission. The nuclear clisrup- 
tv hard y-rays produced artificially is discussed on 
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Awn riotaTj Radioactivity 

5. Production of Artificial Radioactivity by Neutrons 

Many kinds of atoms arise from the action of neutrons onofci 
types, and quite a number of them are unstable. These gen# 
/3-rays when they disintegrate, and the resulting products ait 
atoms of another element. In order to illustrate the processes 
integration of atoms rendered radioactive by artificial means? 
consider the case of the activation of aluminium discussed or 
In this process the following three isotopes of elements arep,, 
from aluminium when it is bombarded by neutrons: f p[g,p 
All three of these products are radioactive, and they disinter 
accordance with the following schemes: 

HMg - gAl +/3 (T - 12 min.), 

xxNa = lMg-h/3 (T = 15 hours), 

13 AI = ||Si -f/3 (T = 2*3 min.). 

Of these three processes the first is the most interesting, ins 
it leads to the formation of the only stable isotope of aluminii 
the element originally bombarded by neutrons. By means of® 
it is possible in this case temporarily to suppress the existence 
stable isotope of aluminium, but this initial element is found 
the half-value period of growth being 12 minutes. On the otto 
in the other two cases of the transmutation of alumiiiiiim,; 
isotopes of Mg and Si are the resulting end-products. 

Experiment shows that the same mass-number (atomic ma# 
associated with, two atomic types of the same element, one ® 
being stable and the other active or unstable. Thus HCris^ 
type of chromium. The union of a neutron with the most 1 1 
isotope of chromium ||Cr does not result in the formation of 
active isotope, but of the stable isotope || 0 r, for the existence 
latter excludes that of a radioactive isotope ftOr. Most of thei 
of even atomic number have numerous isotopes, andtfe% 
neutrons with such elements leads in many cases of necessity®; 
higher isotopes of the same element having a higher a« 
The occurrence of such processes can be established 
experiments (cf. p. 112 ). In all cases where absorption of & 
observed and artificial radioactivity does not result from 
it is possible to conclude that a stable isotope or an isotept 
life has been formed by the act of absorption. Moreover, 
is often associated with the emission of y-rays in deteetab® 

for the energy liberated by the addition of neutrons is emitW 
form. 
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>ns are captured and this is accompanied by the emission 
•esult is an element of louver atomic number. The latter 
ell as those in which protons are emitted, have only been 
:he lighter elements up to and including zinc, when 
;ed by radium-beryllium (or radon-beryllium) sources 
.. Under the action of such particles, the majority of the 
3 und only to form a simple union with neutrons. By 
ardment with deuterons and other particles of very large 
een possible to observe the emission of material particles 
re of neutrons even by the heavier elements, 
ive isotopes produced artificially by neutrons are shown 
far as they are known, and their half-value periods 
in the table. It begins with the element lithium, 
mts with an atomic number less than 3 no activity 
as a result of their bombardment with neutrons. The 
the elements bombarded by neutrons are printed in 

ion of the table reveals that the observed periods lie 
eeonds and a few years. Energy considerations render 
lat numerous undiscovered radioactive types of atoms 
ay with a period of only a fraction of a second. On the 
uerous long-lived radioactive isotopes may be capable 
»ir periods of life being too short for them to be still 
they have been formed at a time when the substances 
tion were subjected to bombardment by neutrons in 
the universe, and too long for them to he produced in 
.tity by the action of radiation in the laboratory during 
rs or weeks. The element which is responsible for 
activity of potassium, has a period of life sufficiently 
tat it has not yet completely disintegrated in terrestrial 
‘ourse of geological time [10]. Here we have a radio- 
‘ very long life which was produced in pre-terrestrial 
)f the process 

39 XT : _ 401T 

q/i — 19 - tv , 

a analogous reaction such as 
fgCa-> = SK-iH. 

le same radioactive isotope can he produced in different 
iearlv revealed in Table 29. Thus the isotope jfAl can 
r from Al, Si. or P. and the isotope ||V from V, Cr, or 
f the attachment of neutrons to the nuclei of thorium 
'7, 13] calls for special mention. In the first case a new 
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Table 20. (Of. Tabic !>(>, p. 292)- 

Radioactive Isotope* produced by Neutron Rombardm 
of (he Element* [II] 


Element 

bom¬ 

barded 


Maw-number# oj stable 
isotopes of element, 
bombarded 


3 Li 

4 Be 
8 0 
9 F 

10 Ne 

11 Na 

12 Mg 

13 A1 

14 Si 

15 P 

16 S 

17 Cl 

18 A 

19 K 

20 Ca 

21 Sc 

22 Ti 

23 v 

24 Cr 

25 Mn 

26 Fe 

27 Co 

28 Ni 

29 Cu 

30 Zn 

31 Ga 

32 Ge 

33 As 

34 Se 

35 Br 

36 Kr 

37 Bb 

38 Sr 

39 Y 

40 Zv 

41 m 

42 Mo 

44 Eu 

45 Bh 

46 Pd 


6, 1 

8 , 9 , 10 
16, 17, 18 
19 

20, 21 , 22 

23 

24, 25, 26 
27 

28, 29, 30 
31 

32, 33, 34 

35, 37 

36, 38, 40 

39, 40, 41 

40, 42, 43, 44 
45 

46, 47, 4c?, 49, 50 
51 

50, 52, 53, 54 
55 

54, 56, 57 

57, 59 

58, 60, 61, 62, 64 

63, 65 

64, 66, 67, 68, 70 

69, 71 

70, 72, 73, 74, 76 
75 

74, 76, 77, 7g, SO, 82 
70, 81 

78, 80, 82, 83, 84, 86 
85, 87 

84, 86, 87, 88 
80 

SO, 91, 92, 94, 96 
93 


92, 94, 95, 96, 97 98 
96, 99, 100, 101, 102, 
101, 103 

102, 104, 105, 106, 
110 


47 Ag 


107, 109 


48 Cd 


106, 108, no, iu no 
113, 116 


113, 115 


JUxitl/inif radioactive 
■isotope. 


«Li 

.':h» 

t "n 


■5N; '«(); a>K 


Half-mbit v 


resulting ini 

oil 


1 s. 

9 s. 

9 s.; 31 s.; 8 s. 


filNo; f>Nn 
loNo; ijMg; '(JNa 
T,?AI; f/Na 
HAI; i‘|Hi 
KAIi »«HI; Rl» 

flp 

ffiPfs i'§s 

?JA 

?§i< ; ii a 

fSK; JlHfl 
SiTi; :!;1< Ja 
S-jV 
SSjV 

|V; “Mu 

SJiMu 

ut’Oo ; “Mn; iiJ’O’o 
5?C<>; «"Co ; SjJNi 
S»Cu; .Jj'CJuti «=|Ni 
.gJCu;«i|C„t 

I'lCin; ?*(Ux. 

gaot; ,Wof 
SAh " 
aJSo 

SBr; SJBr; «|Br 
?; ?; ? 

S?Kb‘f; gftbf 

BSr 

S)<>V 
?tr* 1 


33 s.; 15 h. 

33 S.; 12 m.; IV 
2-3 m.; 12 in.; I” 
2'3m, ; 2-5 h. 
2*3 m.; 2*51.:!: 
14*5 d. 

38 m.; 14*5 d.;% 
110 m. 

12-5 h.j 110m. 
2-3 h.; 12-5 h, 
12*5 h.; 90 d, 

3 m.; 2*3 h. 

3*8 m. 

3*8 m. 

3*8 m.; 2*5 h. 
2*5 h. 

c. 1 y.; 2*5 h.;4 
11m.; c. ly.; I s 
5 m.; 12*5 h.; 1* 
5 m.; 12*5 h. 

20 m.; 23 L 
20 h.; 30 m. 

26 h. 

1 h. 

18m.; 4*5 h.;2 ! 
18h.;4*5h.;:i5 
18 m.; 18d. ; 

3 E. and 55 d 
70 h. 

44 h. 


4 |Mo; 4 |Mo ; 4 »Mo 
(IRu; 4 |Ru 
JRh; JRh 

4gPd; 4 |Pd 

1 2?Ag; 1 2?Agt 


(Cd; 4 gCd; 4 ’Cd; 

^Ag; ^Ag; n»Ag; 
"■[Ag; 'J|Ag 
“Sin; 1 I»i n ; “fAg 


2-5 m.; 17mA 
100s.; 1H.: |? 
44 s.; 3*9 m. * 
3 m.; 12 h.;^ 


24*5 m. and & 

2*3m. 

33m.;4*3h.;5« 
and 8*2 d.; 

7*5 d.;3-2& 
13 s.;54m.;^ 


I 

1 

< 


49 In 
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Table 29 ( coni .) 


fibers of stable 
< of t lent eat 
nhanhrl 

Resulting radioactive 
isotope 

Half-value period of 
resulting isotope 

15 , i nx n 7, 

->Sn; f\Sn 

S m.; 18 m. 

, Wb 122. 124 




iS;Sb;hffSh ; ™Sb 

16 m.; 2*5 d.; 60 d. 

24, 12.',, /26\ 

dTe 

M lu 


r 

25 m. 



1*5 h. 

34 . ir., 156, 


2*1 m.; 80 m, 


d-La 

1-3 d. 


-.‘:;Pr: 0-p r 

3 m.: 19 h. 

IX 14,1, 146 


2 h. 

Is. 149. l.io 

>;>ni; 

21 m.; 2d. 


: HEu* 

9*3 h. 

i7, IIS, 16“ 



3-9 h. 

W4 

v;7Dv 

2*5 h. 


: $Hn 

3m h. 

' H, 170 

•lEr 4 ; : ;7lErv 

7 m.; 12 h. 


V.Tm 

120 d. 

3, 174, 176 

: f;Yh" 

2*1 h. 


: -VLu: 'ItLijt 

4 h.; s d. 

S. 170. IW 

d.'Hf 

55 d. 


d.Tui; : :-Ta 

s h.; 97 d. 

/. 7S6‘ 

? 

1 d. 


2Ke; r !Re; 7 :Re 

20 ra.; IS h.; S5 h. 

% ISO, //>/> 

-^O.s 

40 h. 


1 7 =rr; r r ‘ilr;-|lr; :r Ir 

2 ni.; 1*5 in. and 19 h.; 
28 m.; 8*5 h. 

j, //m;, ios 


IS h. and 3*3 <1.; 50 ra. 



2*7 d. 

9 109, 20tt n 


41 h. 

>03. 2m4 



5 m.; 97 m. 

; to* 

-;dPh 

3 h. 


**■“;. Ra ; -:; : jPa: *;>; 

1 m.: 2*5 rn.; 12 in.; 


-;’;;Th ; *-;Ac 

2S rn. ; 3*5 h. 



23 rn.: 10 s. and 40 s. 

(see below? 

my; thus the 

result in sy isotope mav 

have another mass; or in 

dueed instead of 36f CI, and ho on. 


fter the capture < *f 1 fact neutron. 



rmation series is produced isee Table 29), and hence 
, Ac. Ra, and so on. whereas in the case of uranium, 
number higher than that of uranium 92 are formed. 
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some of which are higlier homologues <>f rlionium, osmium,iafc 
platinum. The following an* the reactions observed: 


Asl< >\v fj . R 

(a) 9 2 U+o w 'L or " W 1 I >0 **< m Kka-Re—-»J 

(><»«.) (2.2m.) 4 ’ 

ft ft & 

■ .* M Kkn-Ir *■ jKjKka-Pt——> 

(•*>!) m.) (2-5h.) 

ft 8 

(b) naU+o”' — > ( K l T j ») > 83 Kk»-Re-» M ] 

(•«<»«.) (16m.) 


(5'7h.) 

( c ) oaV+ 0 tt(Hl«w)- („,U n) - OT Kka-Re(? 

(Th© half-value periods <> the relevant) disintegrations are & 
brackets beneath the arrows.. 

Whereas it is necesimry to use neutrons of high energy ini 
produce both jJMg and j}Na from JJAl, this is not the case 
production of radio-aluminium JJAI, for the last-named pm 
rise to a greater yield with slow neutron# than with fasti 
This statement holds quite generally for the production® 
isotopes of the element bombarded, in contrast to the prods® 
isotopes of other elements. .In the former process all thatIf 
the incorporation of a neutron into the nucleus without eject! 
a-particle or a proton, and since such a process is anexotke® 
it does not involve the addition of: energy in the form of Mnefr 
of the neutrons. But when radio-elements are produced with® 
of an a- or an H-particle, this is only possible by the additi 
amount of energy represented by several millions of voltsin* 
o kinetic energy of the bombarding neutrons. Tor this reason 
preparation of higher isotope# by bombardment ■with, neutrt; 
velocity of the neutrons is very greatly reduced by the intf 
° paraffin wax, water, or similar substances (cf. p. 76). ® eIf 
gradually give up their energy by repeated collision withthel| 
nuclei, and the probability of capture of these quite slow^ 
ns in many cases markedly greater than that of fast neutr® 
as are emitted by a beryllium-radium source. In this way 6^ 
i is possible to attain a 40-fold yield in the preparation ofi*® 
an even a 100-fold yield in the preparation of radio-dyspr°^ 
From amongst the various methods that lead to the pr* 
artificial radioactivity, that of the bombardment by neutron^ 
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i the best yield (see., however, p. 113). All the neutrons 
aptured by nuclei, and by suitably devised arrangements 
ensure that practically all of them are absorbed in the 
transformation is desired. On the other hand, only a 
>f incident a-partieles or accelerated protons (ef. p. 112) 
eleus. whereas the large majority of them lose their 
iction with the shell of the atom and can be disregarded 
of nuclear constitution. The transmutation process 
derated deuterons results in individual eases in a much 
; here the yield can amount to as much as 1 transmuted 
w thousand deuterons. 


of Artificial Radioactivity by cx-Rays [14] 

nents situated between boron and calcium have been 
the influence of a-rays. After the capture of the 
itomie nucleus, this emits either a neutron or a proton 
r e isotope of a new element is formed. The bombard - 
-particles leads either to the formation of a radioactive 
*e with the equation 




14 Si- 


:tive isotope j|Al according to the equation 

-Dig-** = ?§A1-}H. 


f another element may of course also result from such 
when A1 is bombarded by x-rays the resulting product 
•e radioactive isotope with emission of a neutron, 
tope fJSi in agreement with the equation 

SA1+5* - 

lass-number cannot be associated both with an active 
e isotope of the same element, a stable isotope must 
ist-named process, the isotope 44 Si being stable. 

Is rich in the rare earths contain appreciable amounts 
orium, as well as of light elements such as beryllium 
id in the course of geological time some of the rare 
imtained in these minerals have undergone a slight 
olinium, which absorbs slow neutrons very strongly, 
d in this connexion. 

:ive isotopes resulting from bombardment by neutrons 
:e with emission of ^-particles whose half-value thick- 
0*04 and 0*25 gm. cm. 2 aluminium, the radioactive 
. by bombardment with ^-particles show a different 
isiderable proportion of these isotopes disintegrate 
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wit), emission of positrons. By incorporating the two cW 
a-partielo the resulting isotope has too m ,ny pnZtl 
to its neutron content, so that it possesses too many posi fe 
and gets nd of those by ‘'nutting positrons. Table 30 oontai 
radioactive isotopes produced by bombardment with 

m the table it is also stated whether the radioactive isotope- 
positron or an elect run. 

Taki.h do 

Radioactive. Imtopcx prod and hy Bombardment witha-H 

/sulopr 
bomhtmlvtf 

J Sf 

ifNa 
K 

I§Mk 
3Jm k 
’fit a i 
■ftsi 
ini’ 

BK 

'll 


fbtrh't'h 

/ BUto/H 


Half -value 

vw/tfet/ 

pntilut'f 

7 / 

period 

H 

'?N ( 1 

) 

11 rain, 

ft 

'•>’ ( 1 

) 

1-2 mm, 

ft 



3 years 

tf 

iliAl ( | 

) 

7 sec, 

fl 

Yi' s ‘ ( l 

) 

C min. 

P 

RAI ( 

) 

2*3 min, 

P 

r!,’Ai ( 

) 

11 min. 

ft ; 

Vl.’f" ( i 

) 

3 min. 

V | 

RB ( 

) 

15 days 

ft 1 

?#<’• ( 

) 

35 min. 


< 

) 

3 hours 


1 m«< , 


4*0 hours 


with ^ ; (( ) iiMiirntos thul. Mio isotope produced &t 

pOHilroiiH, and ( ) that it <Ijh ir> t<‘gruton with omission ofek 

AH the known .stable as well as radioactive isotopes in ther 
ween lydrogon and krypton are inmrporated in Jigd 
nUm )ei *^ S aH abscissa, whereas the ordinates® 

i erence between the mass-number and twice the atomic® 
°?* eS * n< ^* ca ^ e( l kv <dr(ile« in heavy line are stable,® 
than^ m 1011 °^^? e re ^ cvau ^ isotope in the mixed elements 
J Gr Cei ^' lt ikS re I )r * e ^ eri ted by a large circle, otherwise h 
nerinr? n ^ ^ Contaiu ih <> i muss-number, and also the K 
Lfnr,. Wlle Ai le 1SOtope 5h unstable. (hroles in thin line represeffi 
isotnrvA S ri- 1 * ^ Upper °1 ^ le cirtilo is in broken line, (jA 

the nVo7 ^ e p ates emission of /3-rays, but if the lowers 

tion A t ,1S m ^ ro ^ en ^ ne J G> positrons are emitted during ft 
with prni e 1S °, t0pes that are lighter than the stable types S& 
2n™°” f*-*"- <“>« r W.lo r,(i); here the struct.—* 
oharoA rinJm S ^ pro P or fl°n to neutrons, and diminishes its el 
isotones fh ^a- ^ e l ec ^ on positive charge. On the otheift 
neutro-nQ -f ^ lsln ^ e S ra te with emission of /3-rays contain to*. 

by electing 1 them *° be stal)le . and alter their neutron.p# 
g a negative electron, which corresponds to their tab 




(Mass ((umber) — 2 {Atomic Number) 
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a positive charge. When substances are bombarded byneut® 
duets are always obtained which, if unstable, contain too many® 
and hence disintegrate with emission of ^-particles. Isotope 
disintegrate with emission of positrons have arisen as a 
the nuclei taking up a-partieles or other positively charged: 
particles. 

In the production of artificial radioactivity by means of opr 
the yield is a very modest one [lb]. For every 10 7 a-particlese 
energy value (8-3 X 10® e.V.) incident upon it, only 6 are dee: 
the activation of aluminium, i.e. in the production of radio-pis;. 
(*°P), and the yield of radio-phosphorus produced falls iapic 
the range of the incident re-particles is diminished, as can le* 
Table 31. 

Table 31 

Dependence, of Activation on the Energy of the Incident a Mi 


Energy of incident 
tx-parHelen 

Yidd-\ 

8-2f> X 10« o.V. 

0*4 X 10 

7-61 

4-7 „ 

6*06 ,, 

M „ 

5*49 

0*13 „ 

*'■ 4-81 

0*02 „ 

4*20 

0-00 „ 


f Yield = probability that an a-partielo of energy W will at some 
form a radio-phosphorus atom. 

As seen in the table, the yield in the production of radio-pli® 
is very small; that of the production of other artificial radio*; 
with the aid of a-rays is still smaller. 

7. Production of Artificial Radioactivity by Deuteroi 
y-Rays l 

A number of artificial radio-elements have been generated ^ 
influence of accelerated deuterium ions in the region between 
aluminium [17]; representative cases are collected together in 1 
Whereas some disintegrate with emission of positrons, ot % 
electrons. * ] 

When any substance is bombarded by deuterons, an^, 
observed which decays with a period of 2 minutes. It is to ^ 
to the disintegration of 1 gO, which has been generated by 
the deuterons on the atoms of the nitrogen in the air [1 J- 
We have seen that neutrons are produced [9] when y 11 
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u §7 ARTIFICIAL RADIOACTIVITY BY DEUTERONS 
Table 3:2 

\aiioactive Isotopes produceI by Bombardment with Deuterons 


Bombarded 

Part : ek-s 

Isotope 

Half-value 

isotope 

(?n died 

product*! 

period 

: HB 

n 

ye i -r i 

2c min. 

: ;ic 

n 

: :X ( ~r,} 

UK") min. 

: -?N 

n 

K :0 1 - \ 

2T min. 


P 

ffXa (-.) 

!."> hours 

V.iMcr 

1 

ffXa (- i 

3 vrs. 

V*A1 

P 

l j\\l i- 1 

2*3 min. 


d to impinge on beryllium or on deuterium. 7-rays are accordingly 
) call forth an artificial radioactivity in the presence of these 
its [ 19 ]. In consequence of the relatively small energy of the 
ris liberated, however, it is possible in this way to bring about 
ssoeiation processes, by the formation of a radioactive isotope 
ter mass-number. In the most favourable case, when the total 
tion is absorbed in beryllium, the yield can attain that which 
be obtained by the effect of an equivalent amount of a-rays on 
mi, i.e. by the x-rays emitted from the same quantity of radium, 
dd be noted, however, that in the latter case the neutrons have 
s up to !0 7 e.V., and they can accordingly also produce types of 
other than higher isotopes of the bombarded elements, as in 
)duetion bv fast neutrons of ffie from ^Be. bv virtue of the 
1 jBe-f-Jn = 

►ombarding a lithium target with protons of minimum energy 
t e.V., 7-rays of very great hardness {IT «, 10 6 e.Y.) can be pro- 
These rays are able to bring about nuclear photo-effects by the 
1 of neutrons from the nuclei of various elements such as phos- 
copper, and bromine, the resulting radioactive isotope having 
number reduced by one unit [20]. 

dear from what has been said above that it is possible to produce 
er of artificial radio-elements in a variety of ways. To take one 
s, the following methods have been successfully applied in the 
tion of radio-aluminium J3AI, which decays with a half-value 
)f 2-3 minutes, and emits d-rays whose half-value thickness in 
tim amounts to 0 T 6 gin. cm. 2 : 
gAl - = i|Al, ftSi 0 « - i|Al - JH, 

»P -r In = §A1 - me, “Mg - U = “A1 -r \K, 

gAl - fD = gAl - 

iroduetion of the silver isotope *JSAg can also be effected in 
ways, one of which is the reaction 

^IPd-rjD = ‘“Ag-r 
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This isotope of silver is of interest, as it has two half-valuepe 
24*5 m. and 8-2 d., the former being associated with positioned 
and the latter with the emission of/?- and y-rays, the number^ 
per /bray being about 35. Here we are confronted with thepbos 
of nuclear isomerism [21], the branching ratio in the present® 
being about 20:1 in favour of the longer period. It seems IK 
the capture of orbital electrons presents an alternative to pf 
emission, and in the case of heavy radioactive nuclei the prok 
of such if-electron capture, accompanied by /3- and relatively i 
y-ray emission, is theoretically about 1,000 times greater than 
the emission of positrons. The isotope of bromine §J?Br also® 
radioactive isomers with half-value periods of 18 m. and 4*2L 
this case both isomers emit /3-rays, together with y-rays. Ik. 
active isotope of potassium JJK, in addition to its normal jS-dii 
tion into loCa, probably also emits positrons with formation: 
and some of the argon in the earth’s crust and in the atmospb 
have originated in this way. 

8. Accurate Determination of Atomic Weights on the Is 
Nuclear Reactions [22] 

In the formulae for nuclear reactions such, as 

SBo+|D == a 2Be-HH+8 

we are concerned not only with the masses of the atomic types! 
10 Be, and X H, but also with the mass-equivalent (8) of the eneijr 
protons emitted. Moreover, a very small mass corresponds fob 
large value of the energy (1 c.V. = 1*0741X10“ 9 units of k 
weight). In the example cited above the conversion of the®, 
value 8 = 4*749 x 10 6 e.V. into units of atomic weight yields tk 
0-0051, so that the measurement of the large amounts ofenef. 
occur here corresponds to a very exact determination of the ru® 
thus possible, by the measurement of the energy of the rays®| 
in nuclear reactions, as well as by the combination of various 
of nuclear reactions, to arrive at atomic weights of very great 
Most of the values of the atomic weights given in Table 43, p>i| 
to oxygen, have been determined in this way (see p. 180). Thenafe; 
values are all referred to 16 0 = 16-0000. f 
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APPLICATIONS OF THE THEORY OF DISINTEGElf 

1. The Fundamental Assumption 

The theory of radioactive disintegration is based on the single a®: 
tion that the number of atoms of a radio-element disintegrating 
instant is always proportional to the number of atoms of that* 
present. 

If we have 10 n atoms of a given radio-element and 1,000 of 
disintegrate in a given interval of time, then if we have 10 10 art 
the same radio-element, the number disintegrating in the samt 
will be 100, and so on. The factor of proportionality, or the ‘digit 
tion constant 5 (A) is found to be a q uantity which is entirelyindep 
of all outside conditions such as temperature, pressure, etc., and* 
characteristic of the disintegration process under consideration 
Only rarely does natural disintegration lead directly to a stair 
duct; in most cases the disintegration, of an atom is followed hp 
series of successive transformations. The conditions that ariser; 
very complicated, but the theory of transformation enables us to a 
pret them quantitatively, and. to calculate the number of atoms®; 
intermediate product present at any time, provided that thefc; 
tion constants are known. It also indicates means of evaluatim 
disintegration constants when these cannot he directly determfe 
In what follows we shall deal with the application of the to 
transformation in a few typical cases of successive processes 
integration. !; 

i 

2. Production of a Substance of Short Life from a Parent-' 
stance of Long Life. Separation, and Decay of UX 

If we investigate the behaviour of uranium nitrate or of 8? | 
uranium salt, we find that it emits /3-rays in addition to a#| 
may recall that the radioactivity is a property of the 
and that it is entirely independent of the state of chemical com^ 
of the element. If we submit the uranium salt to a process o 
lization or to processes of chemical separation, we &d * 
strength of the a-radiation from the substance is unaltered, I 
the ^-radiation has been influenced. It is possible, in 
addition of an iron salt to the solution of the uranium 
later precipitation of the iron by means of ammonium car 
separate completely the 3-radiation from the uranium. 
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vith the same intensity from the precipitated iron salt. From 
nay conclude that the /3-radiation has its origin not in the 
but in a radioactive product separable from uranium, and 
; uranium X. 

radiation of the iron salt does not remain constant, but 
exponentially; viz. after the lapse of about 24 days it has 
unk to one-half of its original intensity, after 48 days to 
er, in 72 days to one-eighth, and so on.t One of the chief 
istics of exponential decay is that, strictly speaking, the dis- 
n is not completely finished until after an infinite period of 
since the quantity and hence also the radiation of UX sinks to 
3 of its original value after an interval of about 10 >; 24 days, 
that, for practical purposes, and provided it were initially 
trong, we can assume the preparation to have completely 
fter this time, i.e. the tenfold half-value period.j It is owing 
iracteristic of exponential decay that we always consider the 
5 period' (T) of a radio-element, or the time during which 
: the amount initially available decays, instead of the absolute 
of the preparation. Although the latter quantity is always 
Hy infinite, it is finite for practical purposes, but it depends 
mgth of the preparation concerned and on the sensitiveness 
isuring instruments, whereas the half-value period does not. 
•om the half-value period, we also make use of a quantity 
roportional to it, viz. the 'period of average life' (r). This 
defined here just as in insurance statistics. We multiply 
>eriod by the average number of individuals that attain, but 
rive this period, and divide the sum of all these products by 
unber of individuals. It can readily be shown mathematically 

riod of average life (r) so defined is equal to ~ 3 the reciprocal 

itegration constant A. whereas the half-value period 


1, ^ 0*69 

_ mof 2 = -. 

A * 


recess is represented mathematically by the formula X t = where 

her of atoms originally present, and X t the number present after a time t : 
egration constant, and e the base of the natural logarithms. It is assumed 
isity of the measured radiation is always proportional to the number of 
grating per unit time. 

>aetive substance can be detected for a longer period when we use more 
uments towards the end of the measurement than at the beginning. The 
surement over which one and the same instrument can be used rarely 
X); hence by means of sucdi an instrument the active preparation will be 
‘eiable after a time of magnitude ten times the half-value period. 

t-alue period (T) is the time for which X t — —- ; and since X T — X u t~ )T , we 
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Thus, in the case of UX, the disintegration constant A = 00283dr 
and r = 35*4 days, from which T = 24-5 days. 

The variation of the activity of TJX separated from uraniuiu 
function of the time, is shown in curve B of Kg. 41, and this cm? 
the same time shows the proportional decrease in the number oil 
atoms, on which the activity depends. | 



Time m days 

Fig. 41. Growth (A) and Decay (B) of Uranium X. 

3. The Production of UX from Uranium 

We shall now again turn our attention to the uranium prej^ 
from which we have supposed the TJX to have been remov ) 
which therefore no longer emits /3-rays. It is found gra 
re-emit jS-rays, and after the course of 24 (more exactly W 
it exhibits just one-half of the /3-radiation that it had 
separation of the UX. After 2 x 24 days it has reached J, a 

must have ~ = N Q e~ XT . From this follows T = ~log e 2. The definition of X- 
2 A i 

average life given above can be expressed mathematically in. the form I 

00 1 

J aN 0 e~M dt I 


11 . « 
which is equal to-. Since t = —, we can also define the perio* 

time within which the whole material would disintegrate, if the number 0 
integrating per unit time were to remain the same as initially: for 
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he value last referred to, and so on. Moreover, this rise also 
■ exponentially, and is graphically represented by the curve A 
Just as the complete decay of the separated UX is to be 
heoretically only after an infinitely long period of time, but 
•actical purposes already attained after 10x24 days, so also 
tion of the UX-free uranium preparation will have practically 
original strength after 10x24 days, although theoretically 
require an infinite period of time. In Fig. 41 the decay of 
tion of the separated UX and the growth of the ^radiation 
ium preparation are represented on the same graph. From 
at the sum of the two radiations, and hence the sum of the 
er of UX atoms present, is constant at every instant, and 
? initial value before the separation of the UX. 

;tive Equilibrium 

^ration theory enables us to predict the behaviour described 
ill be clear from the following example, 
uppose that we have 10 15 atoms of uranium (= 4 >: 10~ 7 gm.). 
rlf-value period of uranium is approximately 10 10 years, it 
in 5 days, which we shall assume to be our unit of time, the 
xceedingly small number of about 1,000 atoms will dis- 
■ only the 10 12 th part of all the available atoms. In the next 
10 12 th part of the now available atoms (10 15 —1,000) will 
; but the difference between this number and 1<> 15 is so 
small that, even if we require a very accurate calculation, 
me them to be identical. Thus in each of the succeeding 
days’ duration tve shall repeatedly find that 1,000 atoms 
Not until after the lapse of many millions of years will 
? amount of uranium have diminished appreciably, or the 
iranium atoms disintegrating in each period of 5 days be 
ifferent from 1,000, and this period of time is incomparably 
the time involved in our investigation of the behaviour of 
sd product UX. 

0 disintegrated atoms have ceased to be uranium; by 
) disintegration they are now UX atoms, but only for a 
of time. Since the period of average life of UX is only 
)out 15 per cent, or 150 of the 1,000 UX atoms will have 
red after 5 days; of the remaining 850, 15 per cent, or 127 
. the next 5 days, and this number is markedly different 
. accordance with the corresponding difference between 
850 and 1,000, and so on. Thus in the course of 5 days 
>f disintegration exercises a very strong influence on the 
X present, and hence also on the amount disintegrating. 
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The activity is proportional to the amount disintegrating atm J 
ment, and thus our previous discussion makes it clear why the a§| 
of uranium is practically constant, whereas that of the separate!fj 
diminishes hy about 1f> per cent, even after a period of 5 days. I 
Let us now consider how much uranium X would be formed if b| 
not separated from uranium, but left to itself. Whereas in each 5 i| 
1,000 fresh UX atoms are produced, independently of the ml 
already present, the number of UX atoms disintegrating in the Jj 
time will be greater the greater the number that have alreadnJ 
formed. This behaviour necessarily leads to a state in which, fonJf 
interval of time, the number of UX atoms disintegrating mil beef! 
to the number freshly formed, so that the quantity of TJXattJj 
present no longer increases. This state is called ‘radioactive m, 
brium 5 . A radio-element is in a state of radioactive equilibrium if 
its disintegration product when the same number of atoms of 
daughter element disintegrate as arc formed in the unit of time, 
important considerations will be quite clear from a study of Talk 

Table 33 | 


Development of Radioactive Equilibrium 



Number of 





Number 

ITX atoms 

Number of 


Number of 


of time- 

produced in 

ITX atoms 

ftum 

UX atoms 


intervals 

ike interval 

available from 

of the 

decaying in 


of 

by the decay 

the previo us 

two 

the interval 

tk flip 
tint-! 

5 days 

of U atoms 

time-inter mil 

numbers 

of time 

1 

1,000 


1,000 

150 


2 

1,000 

850 

1,850 

277 

\M' 

3 

1,000 

1,573 

2,573 

386 

iK, 

4 

1,000 

2,187 

3,187 

478 

fit 

5 

1,000 

2,709 

3,709 

556 

3,1*1 

6 

1,000 

3,153 

4,153 

623 

i»j 

i|i 

7 

1,000 

3,530 

4,530 

680 

8 

1,000 

3,850 

4,850 

728 

41 i 

9 

1,000 

4,122 

5,122 

768 

t\ 

10 

1,000 

4,354 

5,354 

803 

iM 

J 

i 

50 

1,000 

5,667 

6,667 

1,000 

tii , 

0 

51 

1,000 

5,667 

6,667 

1,000 

if 

u 

52 

1,000 

5,667 

6,667 

1,000 

53 

1,000 

5,667 

6,667 

1,000 


f The numbers in the table are not strictly correct, for during the time-in* 
■which has been, chosen, on the grounds of clearness, the decay docs not 
formly. A correct treatment presupposes that the time-unit can bo neglect? 
son with the half-value period. The formulae of infinitesimal calculus op | 
indefinitely small times, within which tho decay is strictly constant. | 
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roin the table that the number of UX atoms disintegrating 
id interval of 5 days is almost double the number disintegrat- 
irst 5 days, whereas the difference between the numbers for 
id 9th intervals has already become small, and after about 
ervals 1,000 atoms decay in 5 days, or, just as many as are 
Thus the number of UX atoms remaining from the previous 
als remains constant at 5,067, or, in other words, radioactive 
has been established. Fifty such time-intervals are 250 
>proximately the tenfold value of the half-value period of 
ive already seen that this multiple of the half-value period 
the attainment of the maximum /^-activity of a uranium 
that has been freed from its content of UX, i.e. for the 
lit of radioactive equilibrium. 

nining how much UX, or another short-lived element, is 
; usually sufficient to express the strength of the preparation 
urrent units (e.g. 50 scale divisions per minute with a given 
). We may, however, wish to express how much by weight 
t-lived element is present, this being always formed in 
hat are too small to be weighed. This can be done most 
naking use of the conception of radioactive equilibrium, 
o the basal assumption of the disintegration theory, the 
iranium atoms disintegrating per unit of time is equal to 
of the disintegration constant (A x ) and the number of atoms 
i), or X x A x . Similarly, for the number of UX atoms dis- 
)er unit of time we obtain the product X 2 A 2 , where X> is 
and Ao the disintegration constant of the UX atoms. Xow 
i that in the state of radioactive equilibrium the number 
3 produced per unit of time is equal to the number disin- 
d since the former number is equal to that of the uranium 
egrating per unit of time, it follows that in the state of 
qiiilibrium 

light of a single uranium atom is known (23S times the 
itom of hydrogen = 238 x 1-67 X 10~ 24 = 3*97 ;x 10~ 22 gm.), 
ate by weighing the uranium. A 1 and A 2 (see p. 128) are 
o we may directty obtain the required value of X 2 . There 
>r example, in 1 gm. of uranium that has not been chemically 
: least eight months 




3 


>2x 10 21 x 


= 2-52 xlO 21 atoms, 

•97 X 10-- 2 

X, 2-52 X10 21 X 5-0 X 10 _ls _ 

' ~ 3-3 X 10 _T 


3-82 xlO 10 . 
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Since 1 atom of UX weighs 234x 1*67 x 10~ 24 = 3-91 x 10“ 22 gm„J 
weight of the whole quantity of UX is equal to 

3-82X 10 10 X 3-91X 10~ 22 = 1-5XKH 1 gm.f 

It is possible to detect such a very small unweighable quantity r 
the aid of its /3-radiation by virtue of the fact that UX dismfep 
rapidly, and hence emits a relatively large number of jS-rayg, : 
determining factor for the detection of an element by radioactive eJ 
is not the quantity of it, but the product of the quantity ' 
disintegration constant. 

5. Case in which the Life of the Parent Substance isnotnsf 
longer than that of the Daughter Element. The Active Deptsf 
of Thorium 

Whereas the life period of uranium is so large that the quantity. | 
remains practically unaltered during the time required to estafe 
radioactive equilibrium with its daughter element, in many cases,^ 
in the formation of ThC from ThB, the quantity of the parent subs 
varies appreciably during the production of the daughter < 

The transformation last mentioned also differs in other impc 
points from that of uranium. Uranium is available in weigt 
quantities, and the separation of its transformation product is c 
out by ordinary chemical methods ; every method that is suitable| 
the separation of thorium from uranium is also applicable to these 
tion of UX (see p. 222). In the case of ThB and ThC, however, veit 
to do with a parent substance present in unweighable qnautfel; 
the form of the ‘active depositwhich has to be collected by an 
quite new to chemistry. 

As already mentioned (p. 1), one of the disintegration proto j 
the radium, thorium, and actinium disintegration series is 1 
substance called ‘emanation 5 . The emanation of thorium I 
decays with a half-value period of 55 seconds, and the resulting^ 
of thorium A and of its succeeding products are all metallic; tie di- 
particles formed by the aggregation of such atoms are held "f 
sion m the air for some time, in consequence of their smallne&s.^ 
only deposited gradually on the surrounding surfaces. These disi®J 
tion products of the emanation further decay with appreciable rap- 
and are thus strongly active, and it is for this reason that 
deposit which they form on the surrounding surfaces is. j§ 
‘ active deposit 5 . J As a consequence of their mode of production,®- 

t tf we neglect the difference in atomic weight of the two elements, 
obtain an approximately correct .value for the equilibrium quantity ty , 
inserting the amounts by weight, instead of the numbers of atoms ^ a V ] ^|| : 

+ Since the active deposit exists on the surface of bodies in contact "Wi |||( 
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3 carry a positive charge (cf. p. 70); this property supplies us 
is of preventing them from being deposited in the direction 
of gravity-. By introducing a negatively charged surface, 
mm wire at a potential of —100 volts, into the space in 
inanation decays, and in which the particles are in suspen- 
ive deposit can be collected upon it. 

^presents an arrangement by means of which the active 
be collected. 

die base and the walls of the vessel are connected to the 
3 of a battery r , and the platinum wire 
isses through the insulating stopper of 
connected to the negative pole. If we 
thorium preparation D into the vessel, 
remove the platinum wire until after 
several days ('long exposure ? ) 5 we find 
a- 9 /3-, and y-rays, and that its activity 
h a half-value period of 10*6 hours, in- 
of which of the types of rays we may 
is is illustrated by curve B in Big. 43.f 
5 now repeat the experiment with only" 

.sure’ of a few minutes. We find that fo ^e 0 £ti.fg P tibVS 
r shows no initial ^-activity after its tive Deposit, 
the activating vessel; but it gradually 
x-aetivity, the increase taking place in accordance with 
g. 43. After about 4 hours the curve reaches a maximum 
5 activity then decreases just like that fora long exposure, 
due period of 10*6 hours. 

bvious explanation of this behaviour is that the substance 
collected on the platinum wire during activation does not 
itys, but that these are emitted by the succeeding product 
ictivity of the wire thus increases in the same degree as 
ily formed from the disintegration of ThB. This process 
util radioactive equilibrium has been established between 
anees, and thenceforward the variation with time of the 
( platinum wire is just the same as if we had been dealing 
of a long exposure. 



?ayed in the form of an exceedingly fine and loose deposit, it can readily 
> other "bodies, whereby they acquire radioactive ‘ contamination ’. 
al nature of the active deposit had been recognized, it was customary 
Y acquired by bodies that had been in contact with emanation by the 
tivityh 

ite of decay of the activity indicated in curve B for the first hour or 
fact that the state of 6 transient equilibrium”’ between ThB and ThC 
'stablished (see p. 140). 
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The measurement of the /3-activity of a platinum -wire expose^ 
emanation for a short time lends support to the above conclusioii 
the activity is present right from the beginning, which shows that T 
is a radio-element that emits /brays. 

Prom the fact that radioactive equilibrium between ThBandT 
is established after a few hours it can be concluded that the kfo 
period of the latter element is about one hour. The accurate m 



Fig. 43. Variation with. Time of the Activity of the Active Deposit of Thori®. 
after a short (A) and after a long (B) exposure to thoron. 


T = 60-5 minutes can be calculated from the equation for the cup 
or it may be obtained by the preparation of pure ThC and the i® 
mination of its decay curve. Thus, if we immerse a small nickelji 
in a hydrochloric acid solution of the active deposit, it is found^ 
ThC accumulates on the plate, and that it is practically free fromSj 
By following the diminution in intensity of the a-activity oh 
separated ThC we obtain the same value for T as by the calcutej 
referred to above. ! 

Short 5 and Tong 5 exposures are limiting cases; for example.^ 
expose the platinum wire to emanation for an hour, the a-a^ 
still increases initially, but instead of starting from zero it com® * 
at a valne intermediate between zero and the maximum value | 
a-activity. In all cases, however, after radioactive equilihrimuj 
been established for some time the activity diminishes vvith t dj 
value period of ThB. The parent substance of longer life gra 
impresses its period on the daughter element. j 
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laviour can be readily understood when we consider that 
of equilibrium just as many ThC atoms disintegrate in 
are produced in the same time; but the latter number is 
the number of ThB atoms disintegrating, and since this 
al to the total number of ThB atoms available, it follows 
ber of ThC atoms disintegrating, and this determines the 
ill be proportional to the total number of atoms of its 
mce. 

[our just described is very often met with in radioactive 
ien radon is in equilibrium with radium it disintegrates 
lowly with the period of radium, although the half-value 
radon is only 3-83 days. Polonium (T = 140 days) in 
ith RaD disintegrates with a half-value period of 22 years. 
If-value period of the daughter element is only slightly 
:hat of the parent element, the regular exponential decay 
alue period equal to that of the parent element is not 
±il the lapse of a considerable period after the attainment- 
mi activity. For example, the activity of RaC (T = 19-7 
nishes with a half-value period of more than 30 minutes 
3d period after the maximum activity has been reached, 
th the half-value period of RaB (T = 26-S minutes), 
^e the behaviour of the active deposit of radium is on 
more complicated than that of the active deposit of 
ball deal with it independently. 

e Deposit of Short Life in the Case of Radium 

lation (thoron) is not directly transformed into ThR, for 
> two elements there exists an intermediate product, 
4), which could be left out of the above discussion owing 
rt period (T — 0*14 second). This cannot be done, how- 
ase of the corresponding radium products. RaA has a 
od of 3*05 minutes, a value which, compared with that 
minutes) and RaC (19*7 minutes), is too great to be 
is the a-activity of a platinum wire that has been given 
5 of about 5 hours in radon decays in the manner indicated 
?ig. 44. From this we see that it decays rapidly at first, 
and more nearly with the period of RaB. After a short 
y a few minutes, on the other hand, it decays very rapidly 
le period of RaA, as represented by curve II in Fig. 44. 
time it remains practically constant, for in this region 
Imost completely disintegrated; but almost in the same 
Dnizing action of the RaA ceases the activity of the sue- 
icreases, for it is being gradually formed and likewise 
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emits a-rays. Before the RaC has attained equilibrium -with the li¬ 
the RaA has completely disintegrated, and thenceforward similar cor¬ 
dons apply to those met with in the thorium series. 



after a long (I) and after a short (II) exposure to radon. j 

I 

7. Production of an Element of Long Life from one of ShortIftj 
The Long-Lived Active Deposit of Radium 

Whereas the active deposit of thorium leads to a product which is 
least practically stable or completely inactive, in the case of the 
deposit of radium we can detect a residual activity even after theta 
of a few weeks, when the RaA, RaR, and RaC have completely ft 
integrated. Moreover, this activity continuously increases fora» 
tively long period of time. From, the disintegration of the short-fa 
RaC the long-lived product RaD is formed, for which T = 2: ? y« 
The disintegration of this element leads by way of two further aetF 
products (RaE, T = 5*0 days; and RaF, or polonium, 
days) to the 1 stable end-product RaG. The elements RaD, RaE J 
RaF are also known collectively as the e long-lived active deposit « 
radium.-j* 

RaD is a j3-rayer the radiation from which can only be detected is 
difficulty, so that this is not suitable for the detection of the quant® 
of RaD available. On the other hand, the succeeding product ^ 
emits readily detectable /3-rays, and they can he made useofffa 
identification and quantitative evaluation of the available quantity 
RaD, in much the same way as we can utilize the a-radiation&or* 
for the identification of its parent substance ThB. In the detect®| 
the amount of RaD present we also frequently revert to the a-r a i 

t The reason ■why we can. only gradually detect the long-lived active 
by electroscopic or photographic means is to be found in the extreme so ® J 
/3-rays from RaD, which is almost inactive. if 
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ie third member of the long-lived active deposit, RaF, or 

:t the active deposit of thorium in the manner described, 
re at the practical maximum of activity attainable in 
, and in the corresponding case of the short-lived active 
limn in as short a period as 5 hours. Rut \ve should have 
long-lived active deposit of radium for over 100 years in 
its greatest possible activity. During this time, however, 
of radium in our activating vessel, which is the source of 
l of the active deposit, will have diminished, whereas we 
e to regard it hitherto as constant (T = 1,590 years). In 
>f this it can be shown that after the lapse of 110 years 
f RaD atoms resulting from a given quantity of radium 
ed its maximum value. 

•om the above considerations that, when we prepare the 
preparation possible after an exposure of several hours, 

) means obtain a strong RaD (or RaF) preparation as a 
jcay. Large quantities of RaD can be accumulated only 
don of extended intervals of tune, as on the walls of a 
n which a large quantity of radon has disintegrated, or 
larations sealed off in glass tubes, or in minerals and the 
tity of RaD in equilibrium with 1 gm. of radium amounts 

RaE, which comes between RaD and RaF, can often be left out of 
neasurements, owing to its relatively short half-value period. 
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XII 

MATHEMATICAL TREATMENT OF DISINTEGRATION 
PROCESSES 

Although the analysis of radioactive processes can sometimes : i 
performed graphically, in most cases we have to revert to calculate 
We shall therefore briefly discuss in this chapter the mathematu 
treatment of a few of the more important disintegration process®, 

1. Disintegration of a Pure Substance 

According to the fundamental assumption of the disintegration tor 
the number of atoms disintegrating in unit time is proportional to i 
number of atoms available at the instant considered. From tb 
immediately follows that, if N 0 atoms are present initially, r 
N t = N 0 e~^ atoms will be available after a time t, where A is to* 
integration constant and e the base of natural logarithms (cf. p. If 
Example, Suppose that there are 1,000 relative units of TUB m 
ally present (e.g. scale divisions per minute, measured with an i-r; 
electroscope). The number of units remaining after the lapse of« 
hour ( = 3,600 seconds) will be 1,000 X e- 1 ’ 82 * 10 " 1 * 3,600 = 93". ® 
A= 1-82 xlO" 5 sec.- 1 

2. Production of a Pure Substance from a Parent Elements 
stant in Amount 

If we wish to calculate the growth of the daughter element, ora 
fraction of the maximum quantity obtainable, after the lapse 

time t, we apply the formula: 

N t = N a ( l-e- At ). 

This expression follows immediately from the reciprocal nature on 
growth and decay curves (cf. p. 128). 

Example. Suppose we have mesothorium in equilibrium wM 
its disintegration products up to and including ThA, so that we* 
regard the immediate parent of ThB as being constant in anx# 
then if the maximum quantity of ThB obtainable from this prep ® 1 
after an e infinitely 5 long exposure amounts to 1,000 relative nob 
should have, after an exposure of one hour, 

N t = 1,000(1—e- 182X 10-5x3 ’ 600 ) = 63 units. 
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Substance I, of which there are initially (t == o) A 0 
present, the Elements II, III, etc., are successively 

iresent the numbers of atoms of the elements II, III, etc., 
•s B, C, etc. We require to find the magnitudes of A, B, C, 
irtieular instant of time. Suppose we expose a platinum 
un emanation (radon) for a short time, during which prac- 
laA is deposited. We measure its initial activity (= amount 
I calculate how many of the RaB and RaC atoms formed 
k will be present after the lapse of the tune t. The number 
■taB will be 

B ~ - 4 ov—e-ld}, 

a b -—\ 

^ X B _ ] A, n \ A -1 ) A,. 

b AJ(A { A^)j |(A C X B )(X A — X B )j 

4 - f \ C -X,t 

l(A^ A e )(A £ X c )) 

, and X c are the relevant disintegration constants, and 
le original number of atoms of EaA present, 
the time t = 0 there were 1,000 atoms of EaA present, 
minutes (t = 600 sec.) there would be 103 atoms of EaA, 
ilaB, and 121 atoms of RaC; the remaining 17 atoms would 
been transformed into RaD. 

me t = 0 we have Radioactive Equilibrium between 
sformation Products I, II, III, etc. 

:oms A, B, C, etc., will be present after a definite time t ? 
responds to a long exposure in radon, and we require to 
number of atoms of EaA, RaB, and RaC still remaining 
mi wire t seconds after its removal from the radon, 
active equilibrium exists between the several products 
= 0, we must have 

Xjl A 0 = X B B 0 = X c C 0 = n Q . 

e were 1,000 atoms of RaA present initially (A 0 = 1,000), 
mbers of atoms of RaB and RaC would be 8,829 and 
rely. 

t the following numbers of atoms will be available: 

O 

'hi 
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B = ra P— Hhle-V-e-^], 

A,x—'\ bL\b J 

<7 = n 0 (a.e~^‘+b .e~ >[ Ji l -\-c.e- x o‘) ! 

A, 


where 
a = 


& = • 


. ... _ Q <__ _ 

(A b —A^ 1 )(A c? —A a ) ’ (^,(— ^ b )(^ c ~~^ b ) A c (A_ i -A c )(^-, l 

thus after 10 minutes we should have 

At = 103, jB = 7,543, C = 6,276. 

5. ‘Secular’ and 'Transient’ Radioactive Equilibrium 

In the previous example the equilibrium quantities of RaA, Ma| 
RaC have been calculated on the assumption that the radon, fronm 
the RaA is formed, remains constant in amount, i.e. is itself in ev: 
hrium with radium. When this is not the case, as when the expri 
is made in a vessel that contains only radon, we are no longer jnsib 
strictly speaking, in neglecting the rate of decay of the radon as > 
pared with that of the short-lived active deposit. It is true that ^ 
here we obtain a state of equilibrium between the four products, 
the relative quantities involved are somewhat different. The bak 
is in favour of the later products, the decay of which cannot keep} 
with that of the parent substance, so that it is not possible to ar- 
‘secular’ equilibrium. This state, which is very often met vin 
practice, is called ‘transient’ equilibrium. For instance, in the® 
radon, the quantities of RaA, RaB, and RaC corresponding to 
equilibrium are respectively about 0*05 per cent., 0*5 per cent,. 

1 per cent, greater than those corresponding to the state of secaj 
equilibrium. These numbers are calculated from the formulae: j 

for RaA - A - 4 --, j 




for RaB 


for RaC 


Ki ^B 


(^4 “ Arm ) (\b “ ^Rn ) 


a^ 4 a 


B A C 


(X A —X Rn )(X B X Rn ) (X G X Rn ) 

From these formulae we see that the ratio of the equilibriunb^ 
ties corresponding respectively to transient and secular eq ^ 
will become unity in each case when the rate of decay oi e g 
substance can be neglected. The nearer this rate of decay app , 
to those of the succeeding products, on the other hand, the g rea ^^ 
value of the ratio. Thus when we are dealing with the decay 0 ; 



RADIOACTIVE EQUILIBRIt T M 141 

j in equilibrium with its long-lived parent element radio- 
correction for the succeeding products ThB, ThC, and ThD 
unts to from 13 to 15 per cent. 

REFERENCES 

n with this chapter reference should be made to Radioactive Sub - 
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ioaktivitdt, by Sr. Meyer and E. von Schweidler (Teubner, 
and to Radioactivite , by Mme P. Curie (Hermann & Co., Paris, 
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THE THREE TRANSFORMATION SERIES 

The investigation of the radioactive transformations on the baas! 
the disintegration theory leads to the result that all natural radioad 
substances, with the exception of potassium, rubidium, andsamarij 
the activity of which elements still demands further investigation. i 
products of disintegration of one or other of the parent snkanj 
uranium and thorium. A schematic representation of the muM 
products of the uranium, actinium, and thorium families lespecth] 
is given in Tables 34 and 35. 

In these tables a radio-element is always placed lower dovn in 
table than its parent substance when its production has involved:;] 
e mi ssion of a-radiation; in this case its atomic weight is always:: 
units less than that of the parent substance, and this fact is expresec, 
the left-hand column. If the daughter element is the result of tor¬ 
sion of /3-radiation by the parent element, so that its atomic weighty 
tically unchanged, it is placed to the right alongside its parent eke 

In certain cases two arrows branch off from the parent eta: 
indicating that this substance is transformed into two different jb 
products. Thus we see that of the two products that are fora 
respectively from RaC, AcC, and ThC, one is produced by theemk 
of a-radiation, and the other by the emission of /3-radiation. 
branching in the disintegration process is known as £ dual decay. r 
'branching ratio 3 may differ greatly in different cases. Thus 
10,000 RaC atoms only four are transformed into RaC", whereat 
go to form RaC'; the reverse holds for AcC, for which the map® 
of the atoms are transformed into AcC" (about 9,984 in lWj 
finally, with ThC the difference is less marked, for 65 per ® 
transformed into ThC' and 35 per cent, into ThC", and bothbrar|| 
probably lead to the same stable isotope of lead, thorium D. 

The observation of such relatively insignificant branches as ti 
of RaC" and AcC' suggests the possibility that there may W 
places in the disintegration series at which multiple disintegrate- 
take place. Thus the radio-element UZ (see p. 222) has usua y ^ 
regarded as a branch product of the uranium series; hut recent 
seems to render it more probable that UZ is actually a p s 
disintegration of an isotope of uranium. 

It might be expected that the energy liberated in the transition 
the C- to the D-products of disintegration would differ 

which of the two branches is traversed, i.e. C—^ 
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Table 34 

i-Radium and Uranium-Actinium Disintegration Series 

mum I 
v 

nium X x -^Uranium X 2 ->Uramum II 

Ionium 

v 

Radium 

j- 

Radon 

i 

RaA 

RaB->RaC—>RaC' 

R a C =>RaD ->■ RaE—>RaF 

RaG 

(Stable 

lead 

isotope) 

10-Eranium 

r 

v 

liuni T->Proto-actmiura 

A ot inium->Ra dio-act inium 

Y 

Actinium X 

Y 

Actinon 

! 

Y 

AcA 

AcB~>AcC—>AeC * 

! i 

AcC^AcB 

(Stable lead 
isotope) 

■ D. But if the maximum observed jS-energy, correspond- 
>er limit of the continuous ,8-spectrum, he inserted in the 
on, it is found that the energy changes along the two 
aitieal. Thus for the radium disintegration series we 

Y = 3-1 x 10 6 e.Y. BaC -A BaC” = 5-4 x I0 6 e.Y 

) = 7-7 X 10 6 e.Y. BaC" -A- EaD = 5-0 x I0 6 e.Y 

10-4 XI0 6 e.Y. 


10-Sx 10 6 e.Y. 



144 


THE THREE TRANSFORMATION SERIES 


Table 35 


Thorium Disintegration Series 


Atomic 

Weight 


232 

Thorium 

228 

Meso-thorium l~>Meso-thorium 2- *Kadio thorium 

224 

* 

Thorium X 

220 

1 

Thoron. 

216 

ThA 

212 

1 

ThB->ThC->ThC' 

oo 

o 

CM 

ThC"-*ThD 


isotope) 

Similar agreement is found also for the branch products of them 
disintegration series, and to a lesser degree for those of the tte 
series, but not for the /3-branching of UX 1 , which suggests that U 
not a branch product of the disintegration (see above). Promt! 
results it seems probable that the D-product formed in each brand 
process is independent of the branch traversed. 

It should be mentioned in connexion with the uranium-acti' 
series that the identity of the parent substance and the atomic w 
of the products are somewhat uncertain. In ordinary lead ante 
of mass 207 is always found, and since this originates neither &om 
radium nor from the thorium disintegration series it is assumed 
this type of lead is identical with the end-product AcD. The ate 
weights of the various products of the actinium series in the si 
table have been calculated on this basis. The recent discovery d 
isotope of uranium of mass 235, presumably aetino-uranium, f 
added support to the data embodied in the table. 

REFERENCES 
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Radioactive Substances and their Radiations, by E. Rothebtobd (Cm* ■ 
University Press, 1913), and in Radioaktivitdt, by St. Mxyeb. andE.vo>'S«* 
lee (Teubner, Leipzig, 1927). 
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XIV 

lTION op very long and oe very short 

HALF-VALUE PERIODS 

> periods of the radio-elements vary between very wide 
from intervals of time that are inconceivably small 
T — 10 -11 sec.) to periods that are literally enormous 
in, T — 1*34 xlO 10 years). Although the determination 
i cannot be carried out directly, they can nevertheless 
a a relatively simple manner, and in many cases it is 
rmine them in several independent ways, 
consider the case of uranium I. If this element is in 
bh its later disintegration product radium, as is always 
lerals of great geological age, then (p. 131) the product 
of available atoms and the disintegration constant for 
pial to the corresponding product for radium, 

Uj x — Ra x A Ra , 

its of the elements be expressed in grams, whereby we 
unt of the ratio of the atomic weights (238/226), 

Ui X A Ux = X Ra X Ars,. 

3 radium and uranium contents of old minerals has been 
numerous chemical analyses to he 3*4 x 10- 7 „f and since 
(-11 sec. -1 , it follows that 

A-Uj = 4*9X 10 -18 sec.- 1 , 

T = 4*4 X 10 9 years. 

bhod w hi ch leads to the evaluation of the required 
constant is the counting of the number of ct-particles 
ond by a known quantity of uranium. Since it has been 
bt each disintegrating atom ejects only one &-particle 
vs that the number of ejected ^-particles, and these can 
ust be equal to the number of atoms disintegrating, 
lisintegration constant is equal to the ratio of the number 
egrating per unit of time to the total number o atoms 
ent present (p. 126). Now 1 gram (= 2*52x 10 21 atoms) 

ad for uranium also holds for uraniunx X, since the amount h\ weight 
ent in uranium is only 0*008 per cent, (see P* 221). 

U 



146 DETERMINATION OF HALF-VALUE PERIODS Cyi 

of uranium emits 2-4x 10 4 a-particlcs per second, half of these j 
due to uranium I and the other half to uranium II. From this 


mil : 


1-2 xlO 1 
2-52"X 10 s 


4'7<i x 10~ ls sec. 


-l 

} 


and T Vl = 4-6xlO 9 years. I 

This value is in good agreement with that found hy the ®J 
previously discussed. 


Relation between the Disintegration Constant and theTefc 
of the Rays Emitted 

A simple empirical relation has been found to exist between the J 
integration constant and the range (or velocity, see p. 21 et yj 
radio-elements that emit a-rays. By virtue of this relation 
enabled by extrapolation to derive a rough estimate of the disintpj 
constant even for elements of extremely short life. If, as infigljj 
p. 106), we plot the logarithm of the range as abscissa and thelops 
of the disintegration constant as ordinate, we obtain a straight fej 
each of the three disintegration series. The range corresponding!. 
definite disintegration constant is greater for the actinium series tk; 
the thorium series, whilst that for the latter series is greater tta; 
range for the uranium series.f 
Thus by utilizing Fig. 37 we obtain the value 10 11 sec. -1 forth; 
integration constant of ThC' from the known range 8-6 cm. at li 
This corresponds to a half-value period of 10 -11 seconds. 

t Tie following relation between the disintegration constant and the velocity s 
a-partieles emitted can be applied quite generally to all a-rayers: 

log A = 20-48-H91.1O*.— +4-08.10®. V(^— 2 )-^ r ’ 

V 

where A = disintegration constant (sec." 3 ); r = nuclear radius; Z = atomicn®: 
v = velocity of the a-par tides. Since the a-particle velocity is proportional to ^ 
lit follows that the above relation also connects the disintegration constant® 
pange of the a-partides emitted (cf. p, 105). 
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XV 

EMICAL NATURE AND ISOTOPY OF THE 
RADIO-ELEMENTS 

of the radioactive elements, e.g. thorium, uranium, and 
be obtained in weighable quantities. The determination 
■ties of these elements is carried out by means of the usual 
thods, for the radioactive nature of the element does not 
nnical properties, and an atom of radium, to take one 
uring the period of its stability quite analogous to the atoms 
metals of the alkaline earths. From the moment of its dis- 
lowever, we are no longer dealing with an atom of radium, 
atom of a new element—the emanation (radon) produced 
—w hich, so long as it lasts, behaves completely like the atoms 
nert gases helium, neon, etc. (See also footnote, p. 161.) 
majority of the radio-elements can only be obtained in 
quantities, and in many cases the amounts of them avail- 
> invisible. How then was it possible to obtain information 
cal nature of these substances? 

cle of the method adopted consisted in adding a known 
o the solution containing infinitesimal traces of the radio¬ 
s' investigated, and then precipitating it with a suitable 
the solution had been thoroughly mixed. After filtration 
pic examination of the precipitate and of the solution 
tion to dryness revealed whether or not the radio-element 
tied down by the element A in the above operation. If 
recipitate was again dissolved, and another element (B) 
mical properties was added, after which a separation of 
undertaken. In this way it would be found with which of 
ances A or B the radio-element was separated, and hence, 
point of analytical chemistry, to which of them it had the 
blance. By a continuation of this process it was always 
1 the element most nearly resembling the unknown radio¬ 
chemical reactions. It is necessary to emphasize, however, 
usions which were drawn about the chemical nature of a 
from this 4 co-precipitation ~ process did not carry convic¬ 
ts proved that non-specific adsorption forces do not play a 
ocess. In Chapter XVII we shall deal with the rules wiiich 
ehaviour of such small quantities of a substance; in point 
cere first disclosed by the study of the radio-elements, 
ove described process of finding for every radio-element 
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that knotvn element which most closely resembles it has in maw 
elicited a surprisingly simple result. "With very many of the' ''T' 
elements it has been found, for instance, that their resemblance ^ ' 
particular element is so great that, after admixture of this eleme -1 *! 
has not been possible by any process to separate them again It p- - 1 ' 
fact proved impossible, by fractional crystallization of this elenienT ♦” 
achieve even the slightest increase in concentration of the radio-ele>*v '■! 
in a particular fraction. The radio-element and the admixed ina v,- 
element behaved completely like a single chemical individual " 
The phenomenon could only be explained by what was then i ■ 
a novel assumption, that the atoms of the radio-element have the '-r 
chemical properties as those of the inactive element, but that the ?-r 
differ from each other in atomic weight and radioactive behaviour V 
this theory the radio-element was only a particular type of the k&vj~ 
element; from the chemical point of mew it was not a' new element W 
belonged to the same place in the periodic classification of the element* 
Tor this reason it was called an ‘isotope 5 of the more common eleraer > 
This phenomenon of isotopy was discovered simultaneously ak> ;• 
the field of the inactive elements. To-day we know that the majorin' 
of the ordinary elements consist of more than of one kind of atom, a;- 
we shall have more to say on the phenomenon of isotopy for commit, 
elements in Chapter XIX. For them the difference between the isotop 
types of atom of one and the same element lies only in their weight- 
For this reason alone the phenomenon of isotopy among the raF - 
elements is of a unique and particularly interesting kind, for here t,v 
various atomic types differ not only in their weights but also in the 
different ability to disintegrate. Moreover, in the field of the ordinan 
elements we always find a uniform mixture of the isotopic types of atom-, 
whereas with the radio-elements, although they sometimes occur it 
association with their inactive isotopes, as in the cases of radium D and 
ionium, in the vast majority of cases they can also he prepared frv 
from their inactive isotopes. Because of this fact, in particular, tie 
radio-elements have been found suitable for the study of the essentia, 
properties of isotopes, and in what follows we shall'discuss a few < : 
these investigations in greater detail. 

If, for instance, we endeavour to separate or to concentrate the Bah 
contained in lead chloride derived from pitchblende, we find that we art 
no nearer our goal after numerous crystallizations of known W 
compounds, or by partial sublimation of these compounds ot of the 
metallic lead. Other methods are equally fruitless, such as eleetmljw 
in aqueous solution or in the fused state, adsorption by. charcoal a 
other substances, diffusion, dialysis, and so on. The difficulty of 
separating closely related substances like those of the rare earths» ^ 
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i phenomenon well known in chemistry, hut the difficulty of separation 
inflich eases is not to he compared with that confronted when we are 
dealing with isotopes. We can always appreciably displace the con- 
entration ratio in a mixture of the rare earths by means of various 
•ifmica! operations, hut this is not possible with isotopes unless we 
lave recourse to special methods (cf. Chap. XX), although the quantita¬ 
te determination of the ratio of the constituents, especially for the 
rare earths, is often faced with great difficulties, quite unknown in radio- 
hmistry. Thus we can find the RaD-content- of a lead-RaD mixture in 
i uost convenient and a ccurate manner by means of an electroscope, and 
i-ing the x-radiation of its succeeding product polonium (see p. 136). 

Inre do not proceed from a natural mixture of RaDand lead such as is 
: amd in minerals, but prepare a mixture artificially by mixing a pure RaD 
wit. obtained from the decay of the gaseous emanation, with a lead salt. 
u find that this mixture likewise shows the behaviour described above' 
In consequence of the ease with which it can be detected, RaD is 
particularly suitable for the control of the concentration ratio of a 
fixture of lead isotopes before and after the application of chemical 
^rations. Nevertheless, in the investigation of the properties of an 
mixed isotope—e.g. its spectral behaviour, the absolute solubility 
its salts, its density, its normal electrochemical potential, etc., and 
■i!-'>ve all its atomic weight—the stable end-product of the uranium 
scries Ra(4 is to he preferred, for although it is inactive, it is an isotope 
• f lead that can be obtained in much greater q uan tities 
Pure RaCi is obtained from uranium minerals that have not been 
•laminated by common lead in the course of geological time, for 
«ample, from a crystalline uraninite from East Africa. Owing to the 
-inallness of the quantity of RaD that can be obtained from radium 
emanation, it is not possible to carry out an atomic weight determina- 
*ien of this isotope of lead, and our conclusions as to the difference of 
he atomic weights of RaD and common lead (atomic weight = 207-21) 
ire based solely on the formula 

(At. wt. of Ra)-4 x (At. wt. of He) = (At. wt. of RaD). 

226 16 210 

But in the case of RaG it has been possible to establish experimentally 
hat its atomic weight is different from that for common lead. The 
talue 206-03 was found for the atomic weight of RaG, whereas the 
talne predicted by calculationf was 

(At. wt. of Ra-)—ox (At. wt. of He) = (At. wt. of RaG). 

226 20 206 

In atari calculations of this kind the decrease in mass due to the loss of energy 
•** be taken into account. In the gradual transformation of uranium into lead, 
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Most uranium minerals, e.g. pitchblende from Joachimstai, m m:ki[ 
ordinary lead in addition to numerous other mineralogieal imparit^ 
and under the most favourable conditions we obtain from this mineral 
a mixture of about 36 per cent, of lead with 64 per cent, of R a f; 
a "combining weight' of 206-4. On the other hand, the mineral aur^ 
(containing 21-3 per cent. PbO and 74*2 per cent. r0 3 ), which oh-^ 
in large quantity at Katanga (Belgian Congo), contains no trait » 
ordinary lead, and the lead extracted from it is pure radium 0. 

The specific gravity of metallic RaG is related to that of cornier 
lead in the same ratio as their atomic weights, from which it fu]l MU 
that the atomic volumes of the two elements are equal. This is shown 
in Table 36. 

Table 36 


Atomic Volumes of Different Types of Lead 


Type of lead 

Atomic weight 

Specific gravity \ Atomic volume 

Ordinary lead. 

207*21 

! 11*337 

18*25 

Uranium-lead (RaG) ' 

206*03 

j 11*273 

18*25 


From the fact that the density of a saturated solution of RaG nitratr 
in water is correspondingly smaller than that of ordinary lead nitrate 
in water it follows that the molar solubilities of these two substami> 
are equal (see Table 37). Moreover, no difference has been detected;:: 
the refractive indices of the saturated solutions, as is also indicated b 
Table 37. 

Table 37 


Saturated Aqueous Solutions of the Different Types of Lead 


Salt' 

! Molar concentration | 

Refractive index 

Ordinary lead nitrate . ! 

1-7993 

1*7815 

Uranium-lead nitrate 

1-7991 

1*7814 


The normal electrochemical potential of RaG in a solution of Raf 
(X0 3 ) 2 is at least within 1/10 milli-volt identical with that of lead inn 
solution ofPb(X0 3 ) 2 . The mobility of these two ions is identical within 

8 i-ravs and 6 jS-rays are emitted, with a total kinetic energy of 52X 10 6 e.Vliin; 
represents a loss of mass of 0*056 (see Table 57). We should expect, therefore, thank 
atomic weight of pure RaG would be 

238*07 4 — 8 x 4-002 — 0*056 = 206*00 2 , 

If allowance be made for the probable percentage content of aetino -uranium ( !3 d it* 
uranium (e. 1%), the atomic weight of U\ becomes 238-10=, and that of RaG tow®* 
2t)6*03 3 [1]. 
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i ]ini jier cent. The X-ray spectra are also the same to a degree of 
. . iracy of about 1/200 per cent, of the wave-length, whereas the 
• •; u! spectrum reveals only exceedingly small differences. The melt- 
32 -ixiints do not differ by more than 0-06° C. The temperature of com- 
uentement of superconductivity for ordinary lead (7-2 : A.) was found 
fo? identical within 1/40' with that at which supereonduc-tivitv 
Vins with uranium-lead. Moreover, no difference could be detected 
j; the form of the resistance curves between 7-2 = and 15-A. Thus 
;,r two isotopic mixtures of mercury obtained artificially and differing 
j viabining weight by 0-1 of a unit, the resistance was found to be 
•r,e same to within 1:10 6 . 

Still another isotope of lead, ThD, the end-product of the thorium 
fries, is obtainable in weighable quantities. It should possess an atomic 
weight of 232—(6 x 4) = 203. Unfortunately, the large majority of 
tinirium minerals also contain uranium (sometimes also common lead), 
ami hence we obtain from these minerals a mixture of RaG with ThD, 
.n consequence of which the atomic weight appears to be greatly 
minced. The purest ThD hitherto obtained was separated from a 
t.write front Norway containing practically no uranium, and it yielded 
a '.umbining weight of 207-9. 

Of the remaining isotopes, ionium is the only one (excepting prota¬ 
ctinium) that can be obtained in weighable quantities. It is isotopic 
with thorium. Io-Th mixtures prepared from Joaehimstal pitchblende 
ini haring an ionium content of c. 30 per cent, possess a combining 
'■> eight of 231-51, whereas thorium has an atomic weight of 232-12. 

All the known isotopes of radioactive elements are listed together 
Table 38, which also contains the atomic weights and half-value 
:eriods of the substances concerned. The grouping of the elements 
vis carried out in most cases on the basis of chemical experiments 
s-cribed at the beginning of this chapter, namely, by establishing 
".hr inseparability from known substances. In the case of the sub- 
of shortest life recourse had to he made to the radioactive 
displacement law’ discussed in the next chapter. Each group is 
.(ranged in the order of diminishing half-value period, and begins with 
he member of longest life, from which, in general, it receives its name. 
Thus we speak of 'types of lead’, ‘types of thorium’, and so on. We 
notice that the table, in which the elements gold and mercury are 
included for purposes of completeness, embraces only the last two 
horizontal rows of the periodic classification (cf. Tables 40 and 41, 
pp. 138.159, which present the entire periodic system of the elements), 
fbe isotopes of mercury and of other non-radioactive substances are 
referred to in Chapter XIX. 
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Chf, y 


till; 

Radioactive Isotopc-s (with 


Period 


Au 


VI 


VII 


Group I 

Group II 

Group III 


79 

80 


81 


197-2 

Hg 200-61 

. T1 

204-39 Ph 

stable 

stable 

AcC' 

stable 
' 207 

star;.-, 

RaCf o,*; 



4-7 

6 minutes 

stabl- 



ThC" 

7 208 

ThD 



3-1 

minutes 

stalln 



RaC y 

7 210 

AcD o„ : 



1-3 

2 minutes 

stable •" 





RaD 





22 years 





ThB * v . 





10-6 hours 





AcB •}!! 





36*0 minutes 





RaB ^4 





26-8 minute* 

87 

88 


89 

90 


Ra 226-0 

1,590 years 

Ac 

13 

227 
*5 years 

Tli 2321 

l‘34xlO 10 year*' 


MsTh x 228 

MsTh 2 228 

lo *23<: 


6-7 years 

6-13 hours 

S-3 X 10* years 


AeX 223 



RdTh “ 


11*2 days 



1-90 rears 


ThX 224 



CX, * 234 


3-64 days 



24-5 davs 


RdAe 227 

18-9 dava 
JJY 231 

24-6 hours 
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XtirfUand Half-Value Periods) 


tjpjup r 

Group VI 

Group VII 

Group VIII (0) 

S3 

84 

85 

86 

209*00 

Po 

210 


; Hn 222 

stable 

140 days 


3*825 days 

h,E 210 

Pa A 

oo 


Tn 

220 

,1*0 da vs 

3*05 minutes 


54*5 seconds 

ThC * 212 

ThA 

216 


An 

219 

minutes 

Ful' m 

I'i-T minutes 

At 211 

Fir} minutes 

0* 14 seconds 

Ac A. 215 

0*002 seconds 
AeC' 211 

5 x IQ -3 seconds 
EaC' 214 

10 -6 seconds 

i 

3*9 seconds 


ThC' 212 

10 -11 seconds 


91 

92 : 

'a 231 

U r 238*07 ; 

3-2 :10 4 vears 

4*4 x 10 9 years j 

7 234 

AelT 235 

6-7 hours 

c. 7 x 10 s years ! 

Ah 234 

Hu 234 j 

Ml minutes 

3*4 x 10 s years 
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XVI 

THE PLACE OF THE RADIO-ELEMENTS IN THE PERIOD 
CLASSIFICATION OF THE ELEMENTS. 

THE DISPLACEMENT LAW 

The discovery of the large number of about forty radioactive sub, -tan * 
brought chemists face to face with the problem as to the pos^ibilt; 
of accommodating these substances in the periodic classification of \i , 
elements. A method for the rational grouping of the radio-elemer*. 
suggests itself, as revealed in Table 38, when we take the phenomena 
of isotopv as the basis of our considerations. According to this, 
of the radio-elements are chemically inseparable from other radioacti> 
elements or from stable elements. If we adhere to the principle w. 
assigning isotopes to one and the same place in the periodic* das,silk 
tion, it is found that from uranium to thallium the number of available 
places in the classification suffices for the accommodation of all tfe* 
radio-elements. 

A particularly important relation is revealed when we apply tfc> 
method of grouping the radio-elements to obtain the solution of ik 
question as to what changes in the chemical nature of the demerits 
ensue from the emission of a- or of /3-particles. In other words, ho* 
does the chemical nature of the radio-elements change as we pass fmi. 
one element to another within a transformation series ? We are enable; 
to recognize the required relation by comparing Tables 34 and 3-’ 
(pp. 143, 144) which give the sequence of and type of radiation emit?*: 
by the radio-elements, with Table 3S, which shows the positions of t* 
radio-elements in the periodic classification. Such a comparison 
to the following 'displacement law 5 : 

The emission of an oc-particle gives rise to the formation of an tUm 
situated two places lower doum in the natural sequence of the element* ih 
the disintegrating element , whereas the emission of a /3 -particle leads to > 
formation of an element that is situated one place higher in the sg4» 

In this consideration we regard the whole of the chemical elements? 
being arranged in a continuous series, in much the same way as tkj 
were represented by Lothar Meyer in his atomic volume curve (cf. Fi§ 
24, p. 64). In Mendeleeff’s table we must remember that the indivfe. 
periods are only portions of this continuous series, and that eow 
quently the transition of an element in the zero group to a postil* 
situated two places lower down in the series signifies the appearan? 
of an element in the sixth group of the preceding horizontal row. i 
this is clear. Table 39 will be immediately intelligible. It stows tk 
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Table 39 

Arrangement of the Uranium-Radium Series in the 
Periodic Classification 



■iranium-radium series arranged in the last two horizontal rows of the 
S^riotlie classification. In this table an arrow directed towards the 
A and always embracing two groups, indicates the emission of an 
»-particle, whereas an arrow directed to the right, and reaching only 
the next group, signifies a ^-transformation. Corresponding to the 
'iiminution in atomic weight, the arrows representing ^-transformations 
w defined to the horizontal. In particular, we notice that for RaC, 
suffers ‘dual 5 disintegration (see p. 142), the displacement law 
Mds both for the product resulting from the emission of an ^-particle 
ffid for that attendant upon a ^-disintegration; i.e. RaC* is situated 
tl8> Pl aeei5 lower and RaC' one place higher than RaC. The validity 
of the displacement law for the actinium and for the thorium series 
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can be represented diagrammatically in an analogous manner j,., . 
can also be directly deduced from a comparison of Tables 34 and .i.' 
or 35 and 38.t 

From the displacement law it follows that when an a-transforir n 
is succeeded by two ^-transformations within one and the'samX ' 
integration series, the result must always be an isotope, as in X 
transition of Y 1 via JJX 1 and UX 2 into U Il5 which is isotopic with V 
Two isotopes that are genetically related in this way must neeeXry 
exhibit a difference in atomic weight of four units (= one a-panW 
and from the consideration of such cases it is eminently clear tint 
atomic weight cannot be the determining factor in deciding the posiX 
of an element in the periodic classification. This conclusion is in sjiet 
did agreement with the views on the constitution of the atom alreX 
discussed in Chapter VIII. According to these, the position of an i 
ment in the periodic classification, or the ‘ atomic number ? of anelemeir 
does not depend directly on its atomic weight, hut primarily on ib 
magnitude of the electrical charge of its atomic nucleus. 

On the basis of this theory of atomic structure the radioank* 
displacement law follows as a matter of course. As a result of tb 
emission of an a-paxticle, the charge on the nucleus diminishes bvti- 
positive units, and the newly formed element must therefore be situated 
two places lower in the periodic classification. A ^-transformation. on 
the other hand, connotes an increase in the nuclear charge bv one unit 
since the production of a /3-particle accompanies the transformative 
in the nucleus, of a neutron into a proton (see Chap. IX, p. 94). IVr. 
this it follows that the emission of a /3-particle results in the formation 
of an element situated one place higher in the periodic classification 
The successive loss of one a- and two ^-particles must accordingly k; 
us back to the initial nuclear charge value. In other words, an isotop 
must be formed which is by four units lighter in atomic weight, as r. 
the above-mentioned case of U x and U n . 

It has been mentioned in earlier chapters (see p. 63 and p. 32) tte 
a direct experimental evaluation of the nuclear charge for most of tin- 
elements has been possible from the investigation of X-ray speern 
and of the scattering of the a-rays. From the viewpoint of the periods 
classification the following results of these investigations were of 
especial interest. 

(1) Isotopes like RaG and Pb have the same nuclear charge, &®1 
hence their insertion in one and the same place of the periodic elarfk 
tion is fully justified. Differences between them are based on the fc 

t Conversely, it has been mentioned (p. 146) that for the radio-elements ofskfW 
life, the recognition of their chemical nature and their consequent inclusion in thet# 
of isotopes were only rendered possible by the assumption of the validity of the 
ment law. 
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,;ji, although they hare the same nuclear charge, the number or at 
; „i,t the arrangement of the structural components of the nucleus is 

3;rent. 

2 Speaking generally, the chemical elements should be arranged 
;!1 the sequence of their atomic weights; but it has long been known 
*; t it this rule stands in contradiction to the chemical nature of the 
diluents in three places in the periodic classification. For the three 
Tviirs of elements, argon-potassium, tellurium-iodine, and cobalt-nickel, 
the heavier element had to precede the lighter in the classification. 
This sequence of the elements in the periodic classification, established 
n the basis of their chemical behaviour, entirety corresponds to the 
^/cession of the nuclear charge values. Accordingly, if the value of the 
nuclear charge, instead of the atomic weight, he taken as the basis 
-f the arrangement of the elements in the classification, the contradic¬ 
tion above referred to vanishes. 

;ii In the interval between hydrogen (1) and uranium (92) the hearers 
4 all the 92 nuclear charge values are known, with the exception of 
fur. The missing elements have the atomic numbers: 

43. eka-manganese; 

61. rare earth; 

85. eka-iodine; 

87. eka-caesium. 

IIiPrf are the only chemical elements still unknown. Thus whereas there 
> p^siblw a large number of isotopes still to be discovered, the detection 
"i new elements, apart from the four mentioned above, is only to be 
expected if elements exist with yet higher nuclear charge value than 
that of uranium (cf. p. 117 et seq.). The investigations described thus 
lead to the important result that we are able quite definitely to limit 
tfie expectations of chemistry, which had to proceed essentially in an 
inductive manner in its search for new elements, even after the fomiula- 
tkn of the periodic classification. 

From X-ray spectra we can, in the first place, fix only the atomic 
number of the missing elements. Here we may compare Fig. 24 
64), which at once reveals that the regularity of the straight line 
be immediately interrupted if, in the four stated positions of 
the abscissa, we were not to leave gaps for the elements yet unknown, 
but plot the values of the ordinates for the succeeding elements. On 
the other hand, we cannot gain information directly from the atornio 
number about the chemical nature of an element, because from amongst 
Uie four ‘atomic analogues 5 of Mendeleef knowledge of the atomic 
number enlightens us only as to the ‘'horizontal neighbours 9 , but not 
** to the "group neighbours 9 of the element, and these are still more 
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s:f the valency, which can only amount to a small integral number 
\ to 4i. directly from the velocity of diffusion. From the constants of 
.■illusion 0*33. 0*46, and 0 66 cm." day * for radioactinium (thorium 
bctope), actinium (homologue of lanthanum), and actinium X (isotope 
of radium) respectively, we can for instance calculate that the respective 
valencies are 4, 3, and 2. 

I (illusion experiments further show that under certain circumstances 
n.iio-eleinents can exist in the colloidal form. Thus in neutral and in 
weakly acid solution polonium is partially colloidal; it diffuses slowly, 
ti es not dialyse through a parchment membrane, and so on. This 
behaviour serves as the basis of a method of concentrating the polonium 
in radio-lead; the polonium remains behind in the dialyser, and the 
erytalloidal lead diffuses outwards through the parchment. 

Isotopes of bismuth, too, show such a marked tendency to appear in 
cdioidal form that when we filter a neutral or weakly acid solution of 
ThB-ThC, the latter (a type of bismuth) is for the most part retained 
by the filter. 

A particularly striking confirmation of the colloidal nature of the 
solution of some of the radio-elements has been furnished by the follow¬ 
ing observation. When ions or other colloids of opposite sign are added 
to the solutions, the phenomena of the inversion of charge and precipita¬ 
tion characteristic of colloids are obtained in exactly the manner to lie 
es;*eeted in such cases. Moreover, it has been proved by means of the 
photographic plate that radioactive colloidal particles have an invariable 
tendency to aggregation and sedimentation. 

The molecular weight of the emanations (radon, thoron. actinon) 
can be approximately determined by observation of the velocity with 
which they flow through small orifices, and in this way, for actinon. 
values lying between 222 and 218 have been obtained. 
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10 Be and 10 B). Moreover, for any future theory of the structure of tj 
atomic nucleus, the following result found for light atoms will be' 
importance, to wit, those types of atoms whose mass-numhers amou; 
to a multiple of 4 show no excess in atomic weight above integral vain 
(relative to 16 0 = 16-000), whereas the intervening atomic nuclei 
show such an excess in mass, and hence they appear to have a in¬ 
stable structure. 

Finally, it is a particularly surprising fact that the combining weist 
of all the elements appear to he natural constants, in spite of the hr; 
number of isotopes of which many of them are composed. (On u 
point see Chap. XXI, p. 200 et seep) 
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important for the prediction of chemical properties. But 
position in the periodic classification is fixed by the atomic numkr 
can also recognize the chemical nature of the missing elemenu * 
making use of this classification. This we have already done i) 
by using the terminology ‘eka ’ introduced by Mendeleef for the lJ-C 
homologue. 

Tables 40 and 41 represent the periodic classification of the elen -. 
on the basis of these results. Table 40 giving a Tong-period A- 
Table 41 a ‘short-period’ mode of presentation. Both forms have C 
given since each offers advantages for the consideration of cernu 
regularities. Thus the long-period form is to be recommended 
considerations related to the theory of atomic structure jcf. Table -- 
in Chapter VIII), whereas the short-period form epitomizes in. a ^ 
way particularly the laws of chemical valency. 

It should he mentioned that the elements hafnium (72) and rheniua. 
(75) were discovered only in recent years, and on the basis of then* 
elusions just described. At the time when the method of determine 
the atomic number with the aid of X-ray spectroscopy became knowt 
it was necessary, in allotting atomic numbers to the chemical element, 
to leave gaps not only in the above-mentioned four positions, butte 
in the positions 72 and 75. In the case of the element 75 (rhenium 
the regularities in the periodic classification referred to above alio*-, 
definite predictions on the chemical nature of the missing substab 
to he made, so that the element could be looked for with success, Tb 
periodic classification in its old form allowed no decision to be arrow 
at as to whether the element 72 (hafnium) was one of the rare eei 
metals, or a homologue of zirconium. A reliable statement in the saw 
of the latter alternative was first rendered possible by the theory of atuai 
structure (cf. Table 22, p. 85). For both elements the first and at these* 
time the most certain proof that the missing substances were presea ,i 
the mineral mixture under investigation resulted from observation of ti» 
X-ray spectrum. X-ray spectroscopy, accordingly, has proved its wr; 
not only in revealing the gaps in the periodic classification of tt» 
elements, but also as a tool in analytical chemistry, and without ittb 
successful search for elements yet undiscovered would have been k 
dered incomparably more difficult, if not quite impossible. 

Information has already been given in Table 38 (p. 152) on tin 
different forms in which the elements of the last two horizontal »*> 
of the periodic classification occur, beginning with thallium. The »• 
topes of the inactive elements are shown in Table 43 (p. 182). (J* 
Chapter XIX.) 



( 161 ) 


XVII 

THE CHEMICAL BEHAVIOUR OF EXTREMELY SMALL 
QUANTITIES OF A SUBSTANCE 

Y& M the genetic relation existing between the radio-elements it follows 
vj! we can obtain only extremely small quantities of any radio-elements 
,f short life (see radioactive equilibrium, p. 131). Thus if we possess a 
anility of radium as large as one gram, under the most favourable 
. iri'imistanees we can obtain from it about 13 mg. of the relatively 
m, .r j-lived radio-element RaD, whereas we can obtain only 0*22 mg. 
I polonium, and as little as 10~ 16 mg. of the very short-lived RaC'. 
F r this reason the chemistry of the short-lived radio-elements is a 
hemfctry of substances available in extremely small quantities, and 
Therein lies its particular uniqueness.! From amongst the reactions 
trivially characteristic of every chemical element, those of a spectral 
mother optical nature are generally inapplicable, as their sensitiveness 
i* insufficient. We are restricted to the determination of the solubilit v of 
the elements and of their compounds, or to that of their electrochemical 
tehaviour and the like, whereas the usual methods of chemistry alwa vs 
have to be supplemented by electroscopic measurements. 

1. The Solubility and Velocity of Solution of Extremely Small 
Quantities 

Awing to the smallness of the amounts available, we cannot prepare a 
saturated solution of the short-lived radio-elements, and hence the 
direct determination of the solubility is not possible. But we can deter¬ 
mine the relative velocity of solution. Thus if we immerse the surface, 
>ay a piece of gold sheet, on which we have collected the active deposit 
A radium, into a dilute solution of an acid for only a few seconds, we 
rind that a greater fraction of the atoms of RaB than of RaC have gone 
into solution, whereas the fraction of RaA atoms dissolved is still 
♦mailer. The electrochemical nature of these substances thus dimin- 
ides down the series RaA -» RaC -> RaB, in accordance with the 
' hemieal behaviour we should expect for the elements Po Bi —* Pb. 

In individual cases we can also infer from the velocity of solution 
the existence of definite compounds of the radio-elements concerned, 
hr example, from the much smaller velocity of solution of the ThB 
Arodtal on the anode, as compared with that on the cathode, we can 
infer the existence of a ThB-peroxide of difficult solubility on the anode. 

+ Th i property of radioactivity influences the chemical behaviour only in the case of 
' * •’•*•* activities, and then in the same \rav as an external source would do 1st,:* 

i Up. XXIV, § 5). 
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This conclusion is confirmed by the observation that this difference 
the velocities of solution can be annulled by the addition of a rediFU* 
agent to the acid used as solvent. ^ 

2. The Electrolytic Deposition of Small Quantities 

The converse process to the solution of a metal is to be found in j* 
electrolytic deposition. Thus if we electrolyse a solution oftheaetb 
deposit of radium, RaA is deposited most readily, and RaB onlvrv 
difficulty. If we perform the electrolysis with a small current u'l 
we keep above a certain value of the cathode potential, it is possible T 
separate electrolytically the most noble of the available radio-element 
in a very pure state. This method is of great importance especial? i- 
the preparation of polonium, which can he obtained in this wav fct 
solutions of the salts of 'radio-lead 5 , as these contain an isotope q 
bismuth (RaE) and three isotopes of lead (RaD, RaG-, Pb), in adcfe 
to Po. Further details are given on p. 214. Instead of by electro!?® 
the separation of the radio-elements can also be effected by dipping 
a less noble metal into the solution of the radio-element concerned* 
this is analogous to the deposition of copper from a solution of a copper 
salt on a sheet of zinc. In radioactive investigations we very ofe 
require a preparation of RaC free from RaB. This can be obtains 
in the simplest manner by dipping a small sheet of nickel into an m 
solution of the active deposit of radium which no longer contains tk 
short-lived radio-element RaA. 

Both the methods described lead to the establishment of a potently 
series of the radio-elements, the most noble member of which is pok- 
nium, and the least noble radium. 

j 

3. Determination of the Solubility of the Salts of Radio -elemesis j 
by means of the Methods of Adsorption and Precipitation j 

The chemical behaviour of an element is characterized primarily by j 
the solubility of its different compounds. In order to gain informatkc 
about the chemical nature of the radio-elements it was therefore ne»* 
sary to establish the solubility relations of their compounds. In ik 
case of the short-lived elements, which are present only in quantif® 
too small to be weighed, this was not possible by the study of tier 
pure salts, but only by adsorption and co-precipitation methods, a 
combination with theoretical considerations. 

The Method of Adsorption. 

If we shake up a salt of low solubility, e.g. BaS0 4 , with an 
solution of a salt the sulphate of which is readily soluble, e.g. bisurf 
sulphate, we find that an interchange takes place between the Ba-fe 
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-ituaced at the surface of the solid salt and the Bi-ions of the solution 
N w the forces that strive to bind Bi- and SO 4 -ions together to form a 
rill salt are much smaller than those operative in binding together 
Hi- and S0 4 -ions. This follows from the much greater solubility of 
• isniuth sulphate in dilute acids.f When the Bi-ions collide with the 
kkrbent they will only rarely be held by the S0 4 -groups, and hence 
the adsorption will be small. The behaviour trill be different, however, 
wen the solution contains a salt such as RaCl 2 , the cation of which forms 
i'ith S0 4 a compound of low soluhility. In this case the interchange 
,'ttween the Ra- and the Ba-ions at the crystal surface trill be a verv 
*,tive one, and the radium trill he bound or adsorbed by the surface 
;,f the BaS0 4 . We can express this generally by saying f 
.4 cation will be adsorbed by a salt of low solubility when it forms u-itk 
■it anion of the adsorbing salt a compound, the solubility of which in the 
<Jcent is small. The less the solubilities of the relevant compound and 
the adsorbent, the stronger will be the adsorption. 

By means of this method it can he readily proved, for instance, that 
T1X and AcX (both types of Ra) form sulphates of very low solubilitv, 
aid that the 1 B ’-products (types of lead) give rise to sulphates of fairly 
lew solubility; on the other hand, the sulphates of the ‘C’-products 
•/: es of Bi) and also of polonium are readily soluble. If the experiments 
are carried out in potassium hydroxide, in which the solubility of lead 
sulphate is know n to be greater than that of bismuth sulphate, a corre- 
•>ndingly weaker adsorption of the B-produets is found than of the 
1 -products. 

Tit Mtthod of Precipitation. 

Instead of establishing wdiich salt of low solubility adsorbs the radio- 
dement concerned, we may also proceed along the Moving closely 
related course. A soluble barium salt is added to the solution of the 
radio-elements, say the active deposit of thorium, and the Ba precipitated 
a ; sulphate. Whereas the ThB is also precipitated, the ThC remains in 
■elation, from which we may likewise infer that the first compound 
'■ •'* '-dphate) is only soluble with difficulty, whilst the latter compound 
bismuth sulphate) is readily soluble. A radio-element will be precipi- 
Kttl in greater measure with, a deposit of low solubility, the less soluble 
it its compound with ike negative constituent (anion) of the precipitate. 

From the results of experiments on adsorption and precipitation it 
sems to follow that for the extremely small quantities involved in the 
« of the radio-elements, the essential condition for their inclusion 

■ , . ^ or e accurately expressed, it is not solely a question of the magnitude of the forces 
together in the crystal lattice, but of the excess of these forces over these 
m *** to bind the ions to molecules of water, or to hydrate the ions. 
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in the precipitate Is primarily their low solubility. But more recent , 
vestigations have shown that the size and electric charge of the sur . 
of the adsorbent are also weighty factors in adsorption. Moreore;T~ 
problems of co-precipitation, an important part seems to beplavai - 
the question as to whether the compound of the radio-element and 
anion of the precipitate is isomorphous with the crystals of the pru 
pitate, so that it can form mixed crystals with them. The related 
are here so complicated that it is not yet possible to formulate rvl 
embodying all processes in a unified scheme. 

4. Volatility of Extremely Small Quantities 

The observation of the proportion in which the different comport 
of the active deposit volatilize when heated for a short time at hr 
temperature enables us to form a conclusion as to the sequence of tL 
boiling-points of the radio-elements concerned, or of their compound 
Thus in air at 700° C. none of the ‘C ’-products volatilize, whereas 
1 B ’-products are already appreciably volatile ; from this it follows tiu* 
ThB-oxide is more volatile than the oxide of ThC (lead and bismuth 
oxides respectively). This method can also be applied for the pan a. 
separation of radio-elements of short life. 

Nevertheless, an accurate determination of the boiling-point -i 
extremely small quantities is not possible, chiefly owing to the pn 
ponderance of the process of sublimation. Thus a quantity of mi 
of the order of 1 curie = 0*65 mm. 3 manifests a sharply defined boiling 
point at —62° C. and a freezing-point at — 71°C., but quantity ' 
radon of the order of 10~ 7 curie no longer possess a definite Mid¬ 
point. Such small quantities already begin to sublime apprecial, 
at —164° C., and at —125° C. practically no condensation at all fa: 
be recognized. 

5. Velocity of Diffusion. Determination of Valency and the 
Degree of Dispersion. Colloidal Radio-elements 

The determination of the velocity of diffusion in water of the 
of all the radio-elements with a half-value period not very much b 
than one hour can be performed by the usual method. In fact. ti> 
extremely small concentration is of particular advantage here, mb: 
that we have to operate with solutions as dilute as possible. 

We can likewise determine with little difficulty the electrolyte 
mobility, or the velocity with which the radioactive ions move in a: 
electric field of unit gradient. The ratio of this to the velocity of dific 
sion immediately reveals to us the charge carried by the ion concent 
and hence its valency. Since the mobilities of the majority ofinorgu 
ions differ among themselves by only a few per cent., we can also evai* 
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the valency, \v liicli can only amount to a small integral number 
1 to ii. directly from the Telocity of diffusion. Prom the constants of 
'iitfusion 0*33, 0*40, and 0 66 cm.** day * for radioactinium (thorium 
i*.rope), actinium (homologue of lanthanum), and actinium X (isotope 
of radium) respectively, we can for instance calculate that the respective 
valencies are 4, 3, and 2. 

Diffusion experiments further show that under certain circumstances 
mho-elements can exist in the colloidal form. Thus in neutral and in 
weakly acid solution polonium is partially colloidal; it difuses slowlv, 
c-es not dialyse through a parchment membrane, and so on. This" 
hkaviour serves as the basis of a method of concentrating the polonium 
in radio-lead ; the polonium remains behind in the dialyser, and the 
i-rv.'talloidal lead diffuses outwards through the parchment. 

Isotopes of bismuth, too, show such a marked tendency to appear in 
t-dioidai form that when we filter a neutral or weakly acid solution of 
TiiB-ThC, the latter (a type of bismuth) is for the most part retained 
fay the filter. 

A particularly striking confirmation of the colloidal nature of the 
solution of some of the radio-elements has been furnished by the follow¬ 
ing observation. When ions or other colloids of opposite sign are added 
to the solutions, the phenomena of the inversion of charge and precipita¬ 
tion characteristic of colloids are obtained in exactly the mann er to be 
eim-ted in such cases. Moreover, it has been proved by means of the 
photographic plate that radioactive colloidal particles have an invariable 
tendency to aggregation and sedimentation. 

The molecular weight of the emanations (radon, thoron, actinon) 
tan be approximately determined by observation of the velocity with 
*iieh they flow through small orifices, and in this way, for actinon. 
values lying between 222 and 218 have been obtained. 
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APPLICATION OF THE RADIO-ELEMENTS AS INDICATORS IX 
PHYSICAL, CHEMICAL, AND BIOLOGICAL INVESTIGATION 

As we ha re seen, many difficulties had to he overcome before 
chemical nature of the natural radio-elements could be recoqiiz^ 
But now that we know the nature of all of them with great eertairr 
we can apply them conversely to obtain information on the behavhi 
of known substances in such smalLconcentrations that they cannotX 
investigated by ordinary methods/Elements such as lead and bisniuy 
which exist both in the form of a stable type and as radioactive h" 
topes, are particularly amenable to investigations of this kind, for fa 
it is possible, by mixing in varying proportions the stable element viti 
a radioactive isotope, to bridge over the whole range from quanfe 
that can only he detected by radioactive means to quantities that 
be weighed. In this manner we are able to investigate completely tk 
behaviour of one and the same chemical element over a verv\i> 
range. In problems of this kind, in which the radio-element is not ik 
object but the agent of the investigation, w r e say that the radio-element* 
serve as ‘indicators'. 

In the choice of a radio-element suitable as an indicator it is advisable 
in general to find one that can be detected in quantities as small * 
possible. We must bear in mind, however, that the half-value perfai 
(T) varies in inverse proportion to the strength of the radiation m 
Chap. XII), and that an element that is measurable in small amount* 
necessarily possesses a short half-value period. For this reason it would 
never he possible to make use of say RaC 7 (T = 10~ 6 see.) or then® 
strongly active ThC 7 (T = 10 -11 sec.) as indicators. Moreover, tb 
only three indicators available for the element thallium are already 
too short-lived for many experiments. 

It follows that for our present purposes we cannot draw upon il; 
the radio-elements. Only those included in Table 42 have any practical 
application, and the ones most frequently to be recommended art 
printed in italics. 

Radio-elements like ionium, uranium X l5 and uranium X 2 , wiei 
have no inactive isotopes, are also frequently of service, for with tiw 
aid we can raise the intensity of the radiation of their less virile isotope 
which, although themselves radioactive, have a longer life and art 
therefore less active and more difficult to measure. Thus uranium V 
is mentioned in the table as an indicator capable of being usd fa 
thorium. In the same ,way we can apply thorium X as an indi«ttf 
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Table 42 

Radioactive Iindicators 


Atomic number Element 

| Indicator 

81 Thallium 

Radium C" 
Thorium 0" 
Actinium G v 

82 Lead 

Radium B 
Radium D 
Thorium B 
Actinium B 

83 

Bismuth 

Radium C 
Radium E 
Thorium C 
Actinium C 

84 

Polonium Radium A 

86 

Radon j Thoron 

Aetinon 

88 

Radium Thorium X 

j Actinium X 

89 

Actinium ! Mesothorium 2 

90 

Thorium j 

1 

Ionium 
Radiothorium 
Radioactinium 
Uranium X t 

91 

Proto-actinium 

Uranium X 2 


Nr radium, and radium A for polonium. But radium and polonium 
themselves can also be used as 'indicators 5 in some investigations; for 
ii m the narrower sense we understand the application of the radio - 
aments as 'indicators’ to mean that it only refers to experiments 
iri which a radio-element takes the place of its active or inactive isotope, 
rten in the broader sense this expression can also be used for all those 
eifjeriments in which a radio-element* serves as an aid in the examina¬ 
tion of the behaviour of matter present in the smallest amounts. 

In addition to the natural radio-elements hitherto considered, the 
"‘■Anth 'discovered and artificially produced radio-elements can also be 
a.#d as indicators. As explained more fully in Chapter X, the bombard¬ 
ment of certain of the elements by a-particles results in the production 
' Jl ^dmrtive substances which emit positrons when they disintegrate : 

in the bombardment of almost all the elements by neutrons new 
^Jpes of atoms are formed, which are transformed by the emission of 
Girons. Provided that these artificial radio-elements are produced in 
aielent 9 ua ntity to be detectable with ease, §nd that they have a 
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period of life reckoned in minutes or more, they are straightway adai^, 
also to he used as radioactive indicators. Although the discover * 
the artificial radio-elements is of quite recent date, there are alfe^ 
available a significant number of investigations on these lines, and the* 
can be no doubt that in the future the artificial radio-elements'Vi 
surpass the natural radio-elements in their importance as indicator? 
for in the study of practically all the elements in the periodic cla$# a . 
tion they place at our disposal the corresponding active isotopes, inclu; 
ing those of carbon, phosphorus, sodium, calcium, iron, etc., which a* 
of especial importance in biological experiments. Sometimes it k ever, 
possible to produce the radioactivity directly in the chemical compel 
of the element to be investigated [I]. 

It may he mentioned that in those rare cases in which inaeh> 
isotopes are readily accessible they can be used as indicators in fundi 
mentally the same manner, though other methods of measurement 
must be used. Thus instead of making electrometric measurement* i 
is necessary to determine the density or to make determination* >1 
the thermal conductivity, and so forth. Such experiments hare bm 
carried out with deuterium 2 D and the oxygen and nitrogen isotope 
17 0, and 15 N but further discussion of them does not belong here. 

The applications of 'radio-elements as indicators 5 fall mainly ta, 
three groups; with their aid: 

(A) We can study the behaviour of minute quantities of a mb- 
element, or of an indicated element-,! down to invisible &ik 
unweighable amounts. 

(B) We can determine very small fractions of an indicated substan* 
which has been separated from the main part by solution, diffa 
sion, etc. 

(C) By mixing only a fraction of a stable element with its radio¬ 
active isotope we can differentiate this fraction from the rest w 
the element, and then study the exchange of atoms of 
chemical properties. It is especially this use of indicated at® 
w'hich opens the door to otherwise insoluble problems. 

A. The Study or Minute Quantities of an Element 

A problem frequently met with in analytical chemistry is the distribu¬ 
tion of traces of an element between precipitate and solution; into 
amounts of many elements are included either by co-precipitation *:? 
by adsorption on the crystals of a precipitate or, conversely, lew 
dissolved when the bulk of the element is removed. In the case ofnfa* 
elements or indicated elements such an imponderable quantity ean 

t An indicated element is an element containing a small amount of an iaotopac ^ 
meat, which serves as an indicator for the purpose of detection or measurement. 



, iXVIII CHEMICAL AA T D BIOLOGICAL IA'YESTIG ATIOXS 169 

.jrti'rmined without the slightest difficulty. Studies of this type have 
, n nwn that methods of chemical separation, which are reliable for 
rll ,rmal weights of matter handled in an analytical laboratory, fail in 
T ] se collection of small amounts. 

For example, if we want to determine the lead content of ordinary 
or meteorites, which is only of the order of a thousandth of one 
cent., we find its quantitative separation practically impossible; 
In this ease the application of radium D as an indicator has proved to 
be very useful. For this purpose a known amount of RaD was added 
it the solution of the material, and by electrolysis this was deposited 
AHudically as RaD 0 2 together with the contained lead. Thus, if in 
this process only 80 per cent, of the amount of RaD originally added 
were regained by electrolysis, it follows that the yield” of the lead 
iii&lysis was likewise only to the extent of 80 per cent., so that the 
mm of the deposit must he increased by 25 per cent, in order to obtain 
i quantitative value for the lead content of the rock. 

In this simple example the radio-element RaD serves directly as 
m indicator of the element to be estimated, i.e. lead. But "the 
range of application of the radioactive method in analytical chemistry 
ran be extended considerably if the element lead, activated by the 
radio-element ThB, is in its turn only the reagent for the substance 
eg, ammonia) in which we are interested. This method of ‘Radio- 
metric 3hcroanalysis 5 has rendered it possible, for instance, to carry out 
i determination of the nitrogen content of organic substances to the 
■■rder of magnitude of some ten-thousandths of a milligram. The 
decomposition of the organic substance with sulphuric acid and the 
distillation from caustic soda of the ammonia formed is essentially 
the same as in the well-known micro-Kjeldahl process, except that 
*reral special precautions have to be taken, corresponding to the 
higher sensitivity aimed at. The ammonia distilled over is collected 
in a standardized (but not radioactively activated) solution of lead 
nitrate; the precipitated lead hydroxide is centrifuged off, and then, in 
aliquot parts of the solution, the lead that has not been precipitated is 
ietemnned with the help of a radioactive indicator method. This is 
done by mixing each 1 c.c. of the solution, freed from the precipitate 
by centrifuging, with 0*5 c.c. of a radioactivated N/'1,000 solution of 
tad nitrate, and then precipitating with 0*5 c.c. of a N 1,000 solution 
°f potassium chromate. It follows from the fundamental facts of 
«>topy that the indicator substance ThB that has been added with the 
^ e * c - of the lead nitrate solution will be distributed between the 
precipitate and the solution in accordance with the available amount of 
M&1 lead. Hence the more lead there is present in the lead solution 

under estimation, i.e. the less ammonia there has been introduced into 

m 
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it. the greater will be the activity remaining in the solution. E: 
distilling over known amounts of ammonia and maintaining aW. 
the same conditions of experiment, the electroscope can be calibrate; 
directly in terms of ammonia. 

B. The Determination op Very Small Fractions of as 
Indicated Substance 

The solubility of lead chromate at room temperature is too small 
be determined with accuracy by gravimetric methods. It is of ecu-* 
possible to fall back on conductivity measurements or to calculate tie 
solubility product from equilibrium constants; but for concentrations 
so small" as that of a saturated solution of lead chromate both of these 
methods are tedious and subject to several sources of error. On the 
other hand, with the help of a radioactive indicator we can determine 
the solubility of lead chromate just as readily as we can perform i 
simple weighing operation. For this purpose we add a definite quantity 
of ThB to a known amount of a soluble lead salt. The radioactivity 
of this indicated substance can be measured in terms of any arbitrary 
unit such as the number of scale divisions per minute obtained with 
the electroscope used. Thus if 10,000 such units of ThB have beer 
thoroughly mixed with 10 mg. of lead, it is clear that one unit of ThB wg 
then always necessarily indicate the presence of 0-001 mg. lead. Xovnte 
can prepare lead chromate from the artificially activated lead by the 
usual chemical methods. If we have kept the saturated solution of this 
compound sufficiently long in a thermostat at the desired temperate 
we can determine its concentration by evaporating to dryness a few c.f 
of the solution, and measuring with the electroscope the activity of the 
almost invisible residue. A special advantage of the method is that tbs 
presence of foreign ions interferes in no way with the measurements, fa 
of course only the radioactive substance influences the electroscope. 

Another problem in which a very small quantity of the initial amown 
of an element had to be detected was encountered in the search forth 
hydride of bismuth, the analogue of arsine and stibine. As a result ot 
many fruitless attempts to prepare it, the conclusion was readies 
that, if it could be prepared at all, this compound would only bt 
obtainable in amounts corresponding to vanishingly small fractioni cf 
the initial quantities of material used, and that it would thus readily 
escape detection by the usual chemical methods. But the senskinty 
of radioactive measurements can be graded down so far as to ena® 
pass both qualitatively and quantitatively even the ten-millionth pm 
of the initial amount of the substance. This enormous extension d ' 
the range of measurement is necessary if we are to study the «*■ : 
densation and revolatilization of bismuth hydride; but the f&ct «f : 
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,♦£ existence can be shown by relatively simple means, and even as 
^lecture experiment. When magnesium filings are coated with the 
bismuth isotopes ThC or RaC and dissolved in dilute hydrochloric acid, 
rVe volatile hydrides of these radio-elements are evolved, and can be 
xndensed at the temperature of liquid air, or decomposed in a hot 
diss tube and measured. By means of the radioactive method just 
described it was possible to accumulate experience as to the best mode 
of preparation and on the degree of stability of bismuth hydride, and 
it was but a short step to the long-aspired goal of preparing this com- 
umd also from inactive bismuth by similarly dissolving a magnesium- 
bismuth alloy in hydrochloric acid. It may be mentioned that the 
quantity of bismuth with which the existence of this volatile compound 
was first recognized amounted to only 10~ 15 gm., and that it has been 
found possible with the help of radioactive indicators to detect the 
existence also of gaseous lead hydride, the yield of which is still smaller. 

Technical investigations can also benefit from the application of 
radioactive indicators. It has been found possible to determine with 
speed and accuracy and quantitatively the different permeabilities to 
air of almost completely air-tight gummed materials (gas-mask fabrics) 
k using air containing traces of radon. For precipitates in which 
radium is imbedded, an alteration in their surfaces can be recognized 
simply and with certainty from the change in their emanating power 
in respect of radon. This method has been shown to be one of much 
promise in the solution of practical problems, such as the examination 
of the condition of the surface of glass. 

In the treatment of syphilis, by making use of radium E as an indicator, 
the retention of bismuth in the organism w T as investigated in detail. 
For a long time after treatment a considerable amount of the metal 
remains in the body, maintaining an anti-syphilitic effect; the important 
matter was to gain information as to the rate at which different bismuth 
compounds are resorbed after injection. A further investigation con¬ 
cerned the retention of lead (indicator: ThB or RaD) and of thorium 
indicator: TJX l or Io) both in human and animal bodies; extended to 
the behaviour of t um ours, it proved that cancerous tissues retained 
appreciably larger amounts of bismuth than the corresponding healthy 
tissue. 

While in the examples quoted the problem was to determine fractions 
of the original substance, an experiment may be mentioned in which 
the total amount of a substance is unknown, hut can be inferred from 
to activity measurement of a fractional part of it. The flow’ of water 
1!i i hver can be determined by adding a small quantity of a radium 
«Jt as an indicator [2]. For this purpose it is only necessary to allow* 
tie radioactive solution to flow for a given time at constant rate into 
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it, the greater will be the activity remaining in the solution. J: 
distilling over known amounts of ammonia and maintaining a Ini 
the same conditions of experiment, the electroscope can be calibrate- 
directly in terms of ammonia. 

B. The Determination op Very Small Fractions of ax 
Indicated Substance 

The solubility of lead chromate at room temperature is too small f/ 
be determined with accuracy by gravimetric methods. It is of war* 
possible to fall back on conductivity measurements or to calculate tfc 
solubility product from equilibrium constants; but for concentration 
so small as that of a saturated solution of lead chromate both of the* 
methods are tedious and subject to several sources of error. Ontfe 
other hand, with the help of a radioactive indicator we can detenmt 
the solubility of lead chromate just as readily as we can perform i 
simple weighing operation. For this purpose we add a definite quantit? 
of ThB to a known amount of a soluble lead salt. The radioaetiriti 
of this indicated substance can be measured in terms of any arbitrary 
unit such as the number of scale divisions per minute obtained m 
the electroscope used. Thus if 10,000 such units of ThB have beet 
thoroughly mixed with 10 mg. of lead, it is clear that one unit of ThB wii 
then always necessarily indicate the presence of 0*001 mg. lead. Noth 
can prepare lead chromate from the artificially activated lead by tk 
usual chemical methods. If we have kept the saturated solution of tin? 
compound sufficiently long in a thermostat at the desired temperate 
we can determine its concentration by evaporating to dryness a few c- 
of the solution, and measuring with the electroscope the activity of tk 
almost invisible residue. A special advantage of the method is that tk 
presence of foreign ions interferes in no way with the measurements, for 
of course only the radioactive substance influences the electroscope. 

Another problem in which a very small quantity of the initial amount 
of an element had to be detected was encountered in the search forth 
hydride of bismuth, the analogue of arsine and stibine. As a result ci 
many fruitless attempts to prepare it, the conclusion was reacW 
that, if it could be prepared at all, this compound would only h 
obtainable in amounts corresponding to vanishingly small fractions of 
the initial quantities of material used, and that it would thus readily 
escape detection by the usual chemical methods. But the sensitivity 
of radioactive measurements can be graded down so far as to encofli* 
pass both qualitatively and quantitatively even the ten-millionth put 
of the initial amount of the substance. This enormous extension d 
the range of measurement is necessary i'f we are to study the con¬ 
densation and revolatilization of bismuth hydride; but the fee* d 
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w existence can be shown by relatively simple means, and even as 
a lecture experiment. When magnesium filings are coated with the 
bismuth isotopes ThC or RaC and dissolved in dilute hydrochloric acid, 
t^e volatile hydrides of these radio-elements are evolved, and can be 
viiciensed at the temperature of liquid air, or decomposed in a hot 
tube and measured. By means of the radioactive method just 
described it was possible to accumulate experience as to the best mode 
j preparation and on the degree of stability of bismuth hydride, and 
it was but a short step to the long-aspired goal of preparing this com- 
jx*und also from inactive bismuth by similarly dissolving a magnesium- 
bismuth alloy in hydrochloric acid. It may he mentioned that the 
quantity of bismuth with which the existence of this volatile compound 
m first recognized amounted to only 10 -15 gm., and that it lias been 
found possible with the help of radioactive indicators to detect the 
existence also of gaseous lead hydride, the yield of which is still smaller. 

Technical investigations can also benefit from the application of 
radioactive indicators. It has been found possible to determine with 
speed and accuracy and quantitatively the different permeabilities to 
air of almost completely air-tight gummed materials (gas-mask fabrics) 
by using air containing traces of radon. For precipitates in which 
radium is imbedded, an alteration in their surfaces can be recognized 
simply and with certainty from the change in their emanating power 
in respect of radon. This method has been shown to be one of much 
promise in the solution of practical problems, such as the examination 
of the condition of the surface of glass. 

In the treatment of syphilis, by making use of radium E as an indicator, 
the retention of bismuth in the organism was investigated in detail 
For a long time after treatment a considerable amount of the metal 
mains in the body, maintaining an anti-syphilitic effect; the important 
matter was to gain information as to the rate at which different bismuth 
compounds are resorbed after injection. A further investigation con¬ 
cerned the retention of lead (indicator: ThB or RaD) and of thorium 
iindicator: UX x or Io) both in human and animal bodies; extended to 
the behaviour of t um ours, it proved that cancerous tissues retained 
appreciably larger amounts of bismuth than the corresponding healthy 
tissue. 

While in the examples quoted the problem was to determine fractions 
of the original substance, an experiment may be mentioned in which 
the total amount of a substance is unknown, but can be inferred from 
activity measurement of a fractional part of it. The flow of water 
in a river can be determined by adding a small quantity of a radium 
«lt as an indicator [2]. For this purpose it is only necessary to allow’ 
the radioactive solution to flow for a given time at constant rate into 
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the river, and then to take a sample of the river water sufficient 
far downstream to ensure that the radium solution has been thorough 
and uniformly mixed with the water of the river. A simple mealt 
ment of the activity of this sample immediately reveals the quantity 
of river water with which the added radioactive solution has bev 
diluted, and thus the flow of the river. If, instead of the radioanhv 
solution, a solution of an inactive salt is used, a method that h* 
occasionally been applied, the performance of the experiment is mud 
more complicated and costly, because of the large quantities of th 
salt that must be used in order that it may be detectable at such 
dilutions. 

In a similar manner, attempts have been made to determine tit 
quantity of blood in living animals, but in comparison these exper, 
merits are much more prone to the objection that part of the ra&- 
active substance may be lost by adsorption and chemical exchange 

C. The Exchange of Atoms of Identical Chemical Propeetos 

The interchange of atoms and molecules within a homogeneous 
substance can be followed only by means of isotopic indicators. Tk 
simplest example of such a kinetic problem is presented by the add 
tion of an activated solution of Pb(N0 3 ) 2 to an inactive solution oi 
PbCl 2 of equivalent strength. By crystallizing from this mixture i 
sample of lead chloride, we can determine whether it contains nor 
only lead atoms which were linked with chlorine before the mining 
but also lead atoms originally combined in the form of nitrate. As i? 
should expect, according to the theory of electrolytic dissociation 
the result of such a determination demonstrates that the lead atom? 
in the crystallized lead chloride are derived in equal numbers fro® 
the two initial solutions. On the other hand, let us say, if activate 
lead nitrate and inactive tetraphenyl-lead, or another compound is 
which the lead atom is linked with carbon in a non-ionizable form, kc 
simultaneously dissolved and then separated by crystallization, wear* 
unable to detect any Interchange of the lead atoms between the lead 
nitrate and the organic compound of lead. 

In an analogous manner it has been possible to show that the charges 
of di-valent and tetra-valent lead ions are interchanged with the greatest 
of ease. After the discovery of artificial radioactivity it was also fe&ate 
to establish the same phenomenon with manganese ions of different 
valency', and to examine also the firmness of binding of iodine, broaw 
etc., in organic compounds, as well as to study the mechanism & 
important reactions in organic chemistry. For instance, in the earf 
of a molecule containing iodine, it was possible, by the use of 
activated artificially, to give an affirmative answer to the question as to 
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aether the racemization of an optically active compound is preceded 
by a substitution [3]. 

Tlie interchange between the solid and liquid phases, as between 
utftiil and ion, or between a salt and its saturated solution, is more 
iitiicult to picture, and for this reason even more important to inves- 
* 5 ^ 1 ? than the positional interchange in solutions. These processes, 
b functions of time, can be readily followed by means of radioactive 
indicators; and such investigations can be made the basis of a method 

measuring the surface area of powders, which is of importance in 
>x|*eriments on adsorption. This method is based on the fact that when 
4 radio-element is added to a saturated solution of the isotopic adsor¬ 
bent in the form of powder, it must distribute itself uniformly in a very 
time between the molecules of the dissolved part of the adsorbent 
aehI the molecules of the outermost layer of the undissolved part of the 
powder. From the diminution of the radioactivity of the solution in 
tiiis way we can easily calculate the dimensions of the surface of the 
powder. The surface areas of lead sulphate, lead sulphide, bismuth 
phosphate, and of many other compounds have been measured in such 
a manner, and with the aid of the data so obtained it has been possible to 
prove that, for all these adsorbents, the limit of adsorption is reached 
before the adsorbed substance has formed a coherent layer even one 
molecule thick on the surface of the adsorbent. 

Closely related is the method which made possible, by the use of 
radio-elements, an experimental investigation of the process of \self- 
Musion*. Here we are concerned with the fact predicted by the 
kinetic theory of matter that the atoms (or molecules) of a homogeneous 
m or of a liquid move amongst themselves according to the same laws 
w govern the diffusion of one element into another. But since in the 
process of self-diffusion the objective properties of the element investi¬ 
gated remain entirely unchanged, this process could previously he 
arried out only as a ; conceptual experiment 1 . Not until the introduc¬ 
tion of radioactive indicators was it possible to open up to observational 
>tndy the phenomenon of self-diffusion. In performing the experiment, 

3 lead cylinder was fused into a hard glass tube, three-quarters of the 
length of the cylinder consisting of ordinary lead and the remaining 
quarter of activated lead. For experiments of short duration ThB was 
used as indicator, whereas for those of long duration RaD was chosen. By 
carefully melting the lead in the tube and maintaining it at liquefying 
temperature for several days the indicated active atoms of lead w ere 
intermingled with the other lead atoms by diffusion; it was possible after 
Edification to investigate the distribution of the activity established 
io the column of lead during the experiment, and the constant of self- 
diffusion in molten lead could be calculated by the usual methods. By 
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application of specially sensitive methods it was also possible to mea** 
the coefficient of self-diffusion in solid lead. When RaD atcm/^ 
deposited on the surface of a thin sheet of lead they gradually dife 
into it, and this process can be followed by observation of the diminu¬ 
tion in the number of scintillations or of the ionization due to 
emitted by the succeeding product polonium. 

In a similar way we can follow the change in position of the leg¬ 
ions in heated crystalline lead chloride, and thence draw conchy 
about the processes of diffusion and conduction of electricity l 
crystals. 

After the discovery of artificial radioactivity it was possible : 
exa min e the circulation of phosphorus in human or animal systems r 4 
The active form of phosphorus was produced from sulphur, and tl> 
atoms of phosphorus in food could be indicated by the addition 
them of sodium phosphate of known activity. In this manner it 
established, for instance, that in the course of 5 days, 22 per cent u 
the phosphorus atoms in a man’s food are evacuated by the kife 
and 16 per cent, by the bowels, whereas when the phosphorus atosi* 
are introduced directly into the blood-stream the corresponding pr?> 
portions eliminated are respectively 20-5 per cent, and 2-5 per cent, a 
the same time. The remainder of the phosphorus atoms enter into % 
structure of various organs, and above all into the bones, whence xm 
are sooner or later displaced by the arrival of fresh phosphorus atom* 
It was possible to measure the rates of formation of various orgam 
phosphorus compounds (viz. phosphorus esters, lecithin, etc.) preset; 
in the blood and in the different organs, as w r ell as to detenxir> 
the distribution of the phosphorus atoms taken up into the system 
between individual bones, muscles, liver, kidneys, teeth, and so oc 
The study of the behaviour of the phosphorus in the brain was of speck 
interest. If some ten hours after administration of radioactive sodium, 
phosphate to rats or other animals the phosphatides of the brain w, 
extracted, they are found to contain radioactive phosphorus atom* 
Xow we know that phosphorus atoms present in a phosphatide 
cule take no part in simple exchange processes; therefore the radio&eib 
phosphorus atoms can only have entered these molecules during tfe 
synthesis. Hence, from the presence of radioactive phosphatides in tk 
brain tissue of fully grown animals after the intake of radioactm 
sodium phosphate, we can conclude that these tissues, contrary tc 
general assumption, are constantly regenerated; presumably the leekfe 
molecule, under enzyme action, is broken down and rebuilt. 

Analogous experiments undertaken with maize and sunflowers shows 
that most of the phosphorus atoms are found in the leaves, awl tte J 
they are mobile. Investigation revealed that an individual phosphors? 
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itrrl i which is to-day situated in one leaf in the course of a few days 
^ very probably be found in another leaf, while in seeds no exchange 
wkes place between the phosphorus atoms of the germ and of the 

^y+perm [5]. 

In conclusion it may be emphasized that in the measurement of the 
^ vre are not confined to electrical methods, for sometimes the 
/nervation of scintillations or photographic methods are to be pre¬ 
wired We have already given one example of the application of the 
humiliation screen in connexion with the measurement of the coefficient 
i seif-diffusion in solid lead. The photographic plate may offer special 
^vantages over the electroscope in so far as with it the particular spot 
V which a chemical change has taken place can be rendered visible. 
When an investigation was made, in experiments previously described, 
into the kinetic interchange of molecules between the crystals of a 
*,|id substance and an activated saturated solution of the substance, 
it 11 s found that for certain crystals the number of molecules taking 
:tn in the exchange was distinctly smaller than the number of mole- 
ute comprising the outermost layer of the crystals. This proved that 
Tie kinetic exchange takes place only at privileged positions in the 
virfaee. The actual positions could not of course be found by means 
•/! the electroscope used in this investigation, because only the total 
effect of all the rays is measured by the electroscope. But when the 
wstals were allowed to act on a photographic plate, it was immediately 
revealed that the radioactive atoms were situated almost wholly at 
tie edges of the crystals, so that the exchange between the crystals 
and the radioactive solution had taken place at these edges. In this 
way the seat of reactions can be recognized to a nicety. 

The examples we have given should suffice to show that the method 
f radioactive indicators is capable of multifarious applications. It is 
to be hoped that in the future an increasing number of workers will 
male use of these indicators and in this way facilitate the solution of 
many problems. 

In particular, it is perhaps not superfluous to emphasize that such 
experiments involve by no means heavy costs. As will be seen from 
the above examples, many of the experiments have been carried out 
with thorium B or thorium C as indicators. Both of these substances 
« themselves quite short-lived {T ThB = 10-6 hours; T lhC = 60*5 
minutes) and the quantities of radioactive substance used in the indivi¬ 
dual experiments have therefore practically no monetary value, for 
amounts are freshly obtained before each experiment from the 
substance radiothorium (see p. 216 et seq.), which itself remains 
^pfctely unchanged and only decays with a half-value period l 7 = 1*90 
jews. Since Tmg. 5 radiothorium (i.e. a quantity whose /-radiation is 
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equivalent to that of 1 mg. radium) supplies an adequate amount of T-: 
andThC for almost all indicator experiments, and this quantity is ak 
for the most part regenerated 24 hours after removal of the prewar 
from the radiothorium, it is possible with ‘1 mg.’ radiothoriuiT- 
perform an indicator experiment daily either with ThB or with K 
throughout a period of several years. At the present time 1 ra ,p 
thorium costs about eight pounds. In many experiments distiiy! 
smaller amounts of radiothorium will suffice; on the other tty 
of course there are also experiments in which greater activities & 
desirable, just as occasionally it is also impossible to avoid usinjetb* 
indicators like RaD and RaE, which are more difficult to obtain. 

The acquisition also of artificial radio-elements as indicators does w 
necessarily involve large monetary expenditure, especially when, a,* 
often the case, radon can be obtained from hospitals and similar institt 
tions. A small glass tube filled as full as possible with very jy s 
grained beryllium powder and with radon constitutes a source »i 
neutrons -which can be used for several days for the production of artb 
cial radio-elements. For many experiments quantities of about i 
millicuries of radon suffice; for others, however, hundreds of millitm 
of radon are necessary, and still stronger active preparations caa > 
obtained by bombardment with deuterons that have been aecelmt* 
say in a cyclotron (see p. 290). When a source of neutrons is reqttiK 
for continuous use it is of course desirable to mix a salt of radium r. 
stead of radon with beryllium powder. The costs can frequently » 
reduced by renting radium for a specified period instead of buyiig s 
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XIX 

KOIOPr OF ELEMENTS WHICH ARE NOT RADIOACTIVE 

jv Chapter XV a description was given of how the phenomenon of 
; „v T opy vas discovered for the radioactive elements. Isotopes are 
-a) stances that differ from each other in respect of their radioactive 
worries and atomic weights, but in general they cannot be separated 
ivi each other by chemical means. From this it was necessary to 
law the conclusion that the inability to resolve an element chemically 
k> not constitute proof of the law formulated by Dalton, according 
which the atoms of one and the same element all have the same 
weight- It was a curious coincidence in point of time that the factual 
incorrectness of Dalton’s assumption was proved simultaneously by 
aber investigations. Although these researches, which establish the 
existence of isotopes in the field of the non-radioactive elements, are 
only loosely connected with the theme of this book, we shall briefly 
diseusa the principle of the methods used and the results obtained, 
because they are of great importance in a consideration of the position 
I the radioactive atoms within the entire system of the elements. 

The first indication that an element can contain atoms of different 
weight was found in the study of positive rays for the case of neon. 
Tie systematic development of these investigations led to the construc¬ 
tion of the 'mass spectrograph’. For those elements that consist of a 
texture of different types of atoms, this apparatus enables us to estab- 
-A individually the masses of these atomic types, whereas it is well 
mwn that the chemical methods for the determination of the 'atomic 
weight’ only yield mean values in the case of mixed elements. For this 
reason it is better to use the term "combining weight’ instead of 
atomic weight ’ (see Chap. XXI). 

The following principle lies at the basis of the mass spectrograph: 
Re element to be investigated is subjected to electrical discharge in 
1 highly evacuated tube, xvhereby its molecules and atoms in part 
one or more positive charges, and as positive rays they travel 
towards the cathode and pass through a slit in this into the experi¬ 
mental chamber. Here the particles are first deflected by an electro- 
ititic field and then they pass through a magnetic field so arranged 
that deflexion now takes place in the opposite direction, and they' 
fcmly strike a photographic plate. By suitable choice of the strengths 
electric and magnetic fields, and by the use of suitable diaphragms 
an appropriate position of the photographic plate, it can be ensured 
the particles with a constant value of m/e are brought to the same 
a a 
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place on the photographic plate, even when their velocities , 
vTthin a certain range. When particles of the same mass m 
double electric charge, they are deflected to another position on * 
photographic plate, in fact, to the same place as all particles of mas- ^ 
and single charge c would strike. In this connexion the teniik 
of optical spectroscopy is applied, and the mass spectra so obtained 
designated as spectra of the first, second, and higher orders. The 
of mi6 corresponding to the individual lines is found by compart* 
with the neighbouring lines of known atoms and molecules suck & 
CO, C0 2 , 0 2 . The sensitivity of the method is so great that m * 
majority of cases an isotopic mixture in the proportion of 999:1 
still be recognized as a mixture of two types of atoms. 

The photogram represented in Fig. 45 (Plate IV), which is taken it 
the publications of Aston, gives an idea of the sharpness with wh; 
these mass spectra can be obtained. For precisional determinate, 
somewhat different methods developed by Dempster and by Bainbix: 
are also found to be particularly suitable. The former is based on the L 
that the charged atoms all traverse the same potential difference**;-, 
so acquire the same energy, so that when they pass through a magnet 
field, particles of equal mass and having the same velocity are broiler 
into the collecting electrometric system without any special focus;?, 
device. If particles of different mass are present, and the magnet 
field is held constant, they can be collected in turn according tutrn 
masses by appropriate adjustment of the accelerating potential y 
required value of which is inversely proportional to the mass. 

The ‘whole number rule 5 was the most important result brought v 
light even by the earliest mass-spectroscopic investigations, and it L 
been consistently confirmed by the results of later experiments, F 
this we mean that the atomic weights of all types of atoms approxkY 
very closely to whole numbers, when we assume the atomic weight 
16 0 to be equal to 16-0000. Thus the large deviation in the atomic v.r„ 
of chlorine (35-457) from an integral value is due to the fact tb 
chlorine consists of two isotopic types of atom in the proportion 
76 per cent, of 35 C1 to 24 per cent, of 37 C1. A marked deviation ot to- 
combining weight of an element from an integral value is thus in itr 
proof of the fact that we are dealing with a mixed element. Convert 
however, when the combining -weight of an element is almost inteft 
in value, we are not necessarily justified in concluding that we r 
dealing with a pure element. Bromine is an example of this, for 
contains almost equal numbers of atoms of mass 79 and 81, so that : 
combining weight lies very close to the value 80. 

That integral numbers occupy a privileged position in the mtif j 
of atomic weights can be readily understood from current ideas on 
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Fig. 45 fp. ITS). IMass Spectra (I shows the second order mass 
'pvtrum of Hg; II shows the lines of C. CH, CH a , CH 3 , lH 4 , and 
that of 16 0 directly alongside the last of these; III shows the 11 
isotopes of tin, as well as xenon lines*. 
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lure of atomic nuclei, since they are assumed to consist of only 

* and neutrons (see Chap. IX). For practical as well as for 
» ^retieal reasons it is therefore advantageous to introduce the con- 
t! ,r of‘mass-number 9 in addition to those of combining weight and 
./•mP weight. From the practical point of view the mass-number is 

* it whole number which lies nearest to the atomic weight; and in the 
, , A , :T of atomic structure it denotes the numerical sum of the protons 

[ neutrons in the nucleus of the atom. 

It is to be expected on theoretical grounds that the whole number rule 
vi;; hold only as a first approximation, and deviations from it are of 
:T v a t importance in relation to the nuclear structure of the atom. Since 
. all theoretical considerations we are less concerned with the absolute 
\ m with the relative magnitude of the deviations from integral values, 

* r idea of the 'packing fraction' has been introduced, by which we 
vderstand the difference between the mass of the atom and the integral 
: n rt of its mass-number, divided by the mass-number. The packing 
rrv.tionof 16 0 is of course zero, since the masses of the atoms are 
Marred to 16 0 = 16*0000. Elements lighter than oxygen have positive 
vthes of the packing fraction; thus 1 H has a packing fraction 0*0081, 
yd 4 He the value 0*00098. The atomic masses 20 to 200 (neon to 
vemiry) have negative packing fractions; thus Sn has the value 
->•'*>0073. The heaviest elements again have positive values of the 
Miking fraction, as with thallium +0*00018. As has been discussed 

MTeater detail in Chapter X, the stability of atomic nuclei and the 
’ - ability of their mutual transmutation are related most intimately 
*. l:n these small differences in mass, so that one of the most important 
roblems in mass-spectroscopy is the evaluation of them with the 
Mutest possible accuracy. 

Xone of the methods of mass spectroscopy is sufficiently sensitive 
4 detect an isotopic atomic constituent when its proportion is eonsider- 
iby less than 0*001 of that of the isotope most strongly represented, 
b regards the existence of atomic types that are present in an element 
a *ueli relatively small quantities, important information has been 
f timed by the examination of optical spectra. 

la line spectra the differences due to the different masses of the iso- 

* generally he beyond the limit of measurement. A very important 
M eptionto this is found in the case of hydrogen, whose heavier isotope 
d 1 has been recognized by a displacement of the lines of the Balmer 

By using spectrographs of very high resolving power, however, 
cd studying the fine structure of line spectra, it has been possible with 
der elements also to obtain information on the existence and relative 
Miindanee of their isotopes. The isotope of lead 204 [1], five isotopes 
* i latinum [2], and an isotope of lutecium [3] have been detected by 
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this method, although the abundance of the last-named amount 
only 1*5 per cent. 

In the case of band spectra it was to be expected on theoier- 
grounds that distinct differences between isotopic molecules must rei | 
themselves, for some of the constituent lines arise from the rotati 
of the molecules and the vibrations of the component atoms, and 
depend directly on the mass. By virtue of the extraordinary semitirr, 
of spectroscopic methods it has been possible not only to confirm 
photographs of hand spectra the existence of isotopes already 
by the mass-spectrograph, but in recent years constituents have W: 
observed in the band spectra of various elements which could onlv> 
interpreted by the assumption of hitherto unknown isotopes 
15 N, 17 0, and 18 0) that remain invisible in mass-spectrograms owm 
to the small amounts of them present. 

Moreover, the experiments on the artificial transmutation of ^ 
elements have introduced us to a large number of additional isotofts 
But most of them are radioactive and do not occur in nature V 
Chap. X); for this reason they are not included in Table 43. t 
exception has been made only in the cases of 3 T, 3 He, and 10 Be, I/; 
to the present these elements are only represented among the stoat* 
types prepared artificially, but as they axe presumably stable there» 
some probability that they will be found in nature. 

There is another reason, however, why the study of the artifiim 
transformations of the atom is also very important for our undents : 
ing of the stable isotopes. When we realize artificially the transitu 
of one atom into another and can measure the yield of energy thar 
occurs in the process, we are in a position to calculate from this ti* 
relative masses of the two atoms to a higher degree of accuracy t! 
is possible by measuring up mass spectra (see Chap. X, p. 154). Fre 
amongst the masses of the light atoms (up to oxygen) given in Table 4 : 
only 1 H, 2 D, 4 He, 10 B. 12 C, and 14 N have been determined by m» 
spectroscopic means, whereas the other masses have been calculate, 
from the energy relations of the transformations of these elements inf 
each other, produced artificially [4], 

All the stable types of atoms that have been established by ok ' 
the methods mentioned are inserted in Table 43 with their rm 
numbers. The precisional values of the atomic weights, or, what is tb 
same thing, the deviations of the atomic weights from the intern 
values of the mass-numbers, have been introduced only for the 
up to argon, in order to keep the table within reasonable limits. Ff 
many of the heavy elements there are as yet available no precis® 
determinations of approximately the same degree of accuracy. 
as the mass-numbers, the table also contains the relative pmport® 
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, the isotopes present in the elements occurring in nature, and in 
. ,\ :iv cases these can be derived with considerable accuracy from 
.-'.tsi-spectrograms, by making use of photometric records. 

When both the precisional values of the masses of its isotopes and 
iV- their quantitative relative abundance are known for an element, 

* 0 f course possible to calculate from this the combining weight of 
*-e element, and thus to test the values established by chemists in 
lire an independent way. If the greatest accuracy is required, it is 
- t; , e »ary in this calculation to take account of the fact that the basis 
: the units of atomic weight in chemistry is not quite the same as that 
livsics. In chemistry the fictitious 'atomic weight" of the mixed 
t Client oxygen, which is in reality a mean value of the weights of the 
- rr e oxygen isotopes corresponding to their relative abundance, is 
\iktn to be 16*0000, whereas in physics the value 16*0000 is ascribed 
the mass of the oxygen isotope 16 0. Since the mixed element oxygen 
,.n:ains atoms of 18 0 along with atoms 16 0 in the relative proportions 
f 1 to 630 ( 17 0 is so feebly represented that its influence can be 
i.rdeeted), the combining weight of the mixed element oxygen is, from 
the physical viewpoint, fixed at too low a value by the factor 0*9997. 
F r this reason all the combining weights of mixed elements calculated 
mp the basis of physical atomic weights must be multiplied by this 
in order that they may agree with the chemical scale of combining 
lehrhts. In the last two columns of Table 43, for all elements for which 
riffident data are already available for the purpose, the combining 
wilts are given side by side as calculated on the one hand from the 
is topic constitution, and on the other hand as determined directly 
by chemical means. It is seen that the agreement in most cases is 
pi‘. client. It should he mentioned that in the case of several elements 
the calculation based on the isotopic constitution pointed to the fact 
hi at the combining weight deter min ed by chemical methods was in 
reed of revision. 

The large amount of material on isotopes contained in Table 43 
ah not yet be interpreted in its entirety from the theoretical point of 
view, but there is no doubt that the values of the relative abundance 
’ t the types of atom present in the individual elements give impor¬ 
tant clues concerning the stability of the relevant atomic nuclei (ef. 
ihap. X). Thus it is a very striking fact that elements with odd atomic 
number have on the average by no means so many isotopes as those 
elements with even atomic number. Only in the case of a single element 
f i odd atomic number (potassium) has It been possible to detect a third 
wotope ( 40 K) with certainty (see p. 237), but its relative amount is so 
samll 1 in 8,000} [5] that we can formulate the general rule that elements 
d odd atomic number never possess more than two isotopes present 
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Table 43 


Isotopes of the Elements 


y : Element 

Symbol 

0 s Sent von 

n 

1 Hydrogen 

H 

' Deuterium 

D 

Triterium 

T 

2 1 Helium . 

He 

Helium . 

He 

3 1 Lithium. 

Li 

Lithium. 

Li 

4 Beryllium 

Be 

j Beryllium 

Be 

Beryllium 

Be 

5 Boron . 

B 

1 Boron . 

B 

6 Carbon . 

C 

! Carbon . 

C 

7 • Nitrogen 

N 

; Nitrogen 

N 

8 i Oxygen . 

0 

i Oxygen . 

0 

i Oxygen . 

0 

9 ! Fluorine 

F 

10 | Neon 

Ne 

| Neon 

Ne 

| Neon 

Ne 

11 : Sodium . 

Na 

12 j Magnesium 

Mg 

: Magnesium 

Mg 

! Magnesium . 

Mg 

13 Aluminium 

A1 

14 . Silicon . 

Si 

Silicon . 

Si 

1 Silicon . 

Si 

15 I Phosphorus . 

P 

16 Sulphur. 

S 

Sulphur. 

s 

. Sulphur. 

s 

17 Chlorine 

Cl 

Chlorine 

Cl 

18 Argon . 

A 

Argon . 

A 

Argon . 

A 

19 ! Potassium 

K 

20 i Calcium 

Ca 


Mass- j 
number \ 

i 

Atomic 

weight 

; 

: 

; 

: Abun¬ 
dance 
j in % 

1 | 

1-0090 


1 

1*0081 

99*98 

2 

2*0147 

0*02 

3 

3*0171 

.. 

3 

! 3*0171 


4 

4*0039 

100 

6 

! 6*0167 

7*9 

7 

7*0180 

92*1 

8 

! 8*0078 

(0*05) 

9 

i 9*0149 

99*95 

10 

10*0164 


10 

| 10*0161 

20 

11 

11*0128 

80 

12 

1 12*0036 

99*3 

13 

13*0073 

0*7 

14 

! 14*0073 

99*62 

15 

15*0048 

0*38 

16 

16*0000 

99*8 

17 

17*0046 

0*03 

18 

18*0038 

0*16 

19 

19*0049 

100 

20 

19*9986 

90*0 

21 

.. 

0*27 

22 

21*9985 

9*73 

23 


100 

24 

23*9938 

77*4 

25 


11*5 

26 


11*1 

27 

26*9911 

100 

28 S 

27*9860 

89*6 

29 | 

28*9864 

6*2 

30 ! 

29*9845 

4*2 

31 1 

30*9844 

100 

32 

31*9812 

96 

33 

,. 

1 

34 

33*9799 

3 

35 

34*9796 

76 

37 

36*9777 

24 

36 

35*976 

0*31 

38 | 

37-9753 

0*06 

40 

39*9754 

99*63 


Mass-numbers 
(abundance in %) 

39 (93*4); 40 (0-01); 41 (6-6) 

40 (96-76); 42 (0-77); 43 
(0*17); 44 (2-30) 


Combining 
(oxygen = K 


' Calculated 
from 
isotopic 
composition : 

dir-y 

j 1-0081 

IV 

;} 4-003 i 

AVj 

j 6-9374 

tl &+ 

j 9-oi29 : 


} 10-811 

lit 

} 12-008 

liu[ 

| 14-008 

ILm* 

j 16-0000 

16h»ih 

19-000 

191.«: 

j 20-191 

20* K1 

J 

22-SW 

24*33 j 

m: 

i J i 

26*985 


] 28*122 


j 

30-978 

:?ik» 

jj 32-05 

32-6 

j 35-452 

3.3 4:1 

| 39-953 

sw 

39-096 


40-076 
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Table 43 (cont.) 


Combining weight 
{oxy gen = 16 ) 

Calculated 

from 



Element 

Symbol 

Mass-juanbers 
(abundayice in ° 0 ) 

isotopic 

composition 

Determ hied 
directly 



Sc 1 

45(100) 

44*96 

4*j* 10 

■- 

Titanium 

Ti 

46 (8*5); 47 (7-8); 48 (71-3); 
49 (5-5); 50 (6-9) 

47*91 

47*90 


Vanadium 

V 

51 


50*93 

A 

Chromium 

Cr ! 

50 (4*9) ;52 (81-6);53(104); 
54 (34) 

52*003 

52*01 

- 

Manganese 

Mn 

55 


34*93 

.6 

Iron 

Fe 

54 (6-5); 56 (90-7); 57 (2*8) 

55*84 

oa*84 


Cobalt . 

Co 

57 (0-17); 59 (99-83) 


58*94 


Nickel . 

NTi 

58 (67-3); 60 (26*9); 61(1); 
62 (3*S); 64 (1) 

58*71 

58*69 

:h 

Copper . 

Cu 

63 (70); 65 (30) 


63*37 

>• 

Zinc 

Zn 

64 (504); 66 (27*2); 67 (4-2); 
68 (17*8); 70 (04) 

65*33 

65*38 


Gallium. 

Ga 

69 (61-5); 71 (38*5) 

69*71 

69*72 


Germanium . 

Ge 

70 (21-2) ;72 (27-3); 73 (7-9); 
74 (37-1); 76(6-5) 

72*57 

72-60 

x 

Arsenic . 

As 

75 (100) 

74*918 

74*91 

:A 

Selenium 

Se 

74 (0-9); 76 (9-5); 77 (8-3); 
78 (24-0); 80 (48-0); 82 
(9-3) 

; 78*95 

78*96 

V*! 

Bromine 

Br 

79 (50*0); 81 (50*0) 

79*910 

79*916 

>i 

Krypton 

Kr 

; 

78 (0-42); 80 (2-45); 82 
(11-79); 83 (11-79); 84 
(56-85); 86 (16-70) 

83*76 

83*7 

Ti 

Rubidium 

; Rb 

85 (72-8); 87 (27-2) 

85*45 

83*48 

fc 

Strontium 

: Sr 

84(0-5); 86 (9-6); 87 (7-5) 
88 (S2-4) 

87*62 

87*63 


Yttrium 

Y 

89 

88*91 

88*92 

v 

Zirconium 

Zr 

; 90 (48); 91 (11-5); 92 (22); 
94 (17); 96 (1-5) 

91*24 

91*22 

41 

Niobium 

Yb 

i 93 (100) 

92*90 

92*91 

42 

Molybdenum . 

! Mo 

92 (14-2); 94 (10-0); 95 
! (15-5); 96 (17-8); 97 

1 (9-6); 98 (23-0); 100 

| (9-3) 

95*95 

95-95 

44 

Ruthenium . 

Ru 

96 (5); 99 (12); 1O0 (14); 

! 101(22); 102(30); 104(17) 

101*1 

10l*7 

4* 

Rhodium 

Rh 

103 (100) 

: 102*92 

102*91 

Pi 

Palladium 

Pd 

102 (0-8); 104 (9-3); 105 
! (22-6); 106 (27-2); 108 

i (26-S); 110 (13-5) 

106*54 

106*7 

47 

Silver . 

Ag 

107 (52-5); 109 (47-5) 

107*87 

107*880 

h 

Cadmium 

Cd 

106 (1-5); 108 (l-O); 110 
i (15-6); 111 (15-2); 112 

j (22-0); 113 (14-7); 114 

(24-0); 116 (6-0) 

112*2 

112*41 

49 

Indium . 

In 

i 113 14-51: 115 (95-5) 

114*80 

114*76 
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Table 43 (cont.) 


1S4 


Combining ur^' 

_ {oxygen ~ If; 

Calculated 

from 

Mass-numbers isotopic J) t f 

Element Symbol \ composition dir-'*' 


50 

Tin 

Sn 

112(1-1); 114(0-8); 115(0*4); 
116 (15-5); 117 (9-1); 118 
(22*5); 119 (9*8); 120 
(28*5); 122 (5*5); 124(6*8) 

, 118*70 

Hh-:T 

51 

Antimony 

Sb 

121 (56); 123 (44) 

121*78 


52 

Tellurium 

Te 

122 (2*9); 123 (1-6); 124 
(4-5); 125 (6*0); 126 

(19*0); 128 (32*8); 130 
(33-1) 

127*58 

! 127*61 

53 

Iodine 

I 

127 (100) 

126*904 

! 126-r 

54 

Xenon 

X 

124 (0-08); 126 (0*08); 128 
(2-30); 129 (27*13); 130 
(4-18); 131 (20*67); 132 
(26*45); 134 (10*31); 136 
(8*79) 

131*125 

1313 

55 

Caesium 

Cs 

133 (100) 

132*90 

: 132-Si 

56 

Barium . 

Ba 

130 (0-16); 132 (0-02); 134 
(1*72); 135 (5-7); 136 (8-5); 
137 (10-8); 138 (73-1) 

137*35 

137 36 

57 

Lanthanum . 

la 

139 (100) 

138*91 

135-92 

58 

Cerium . 

Ce 

140 (89); 142 (11) 

140-13 

140* IS 

59 

Praseodymium 

Pr 

141 (100) 

140*91 

140-92 

60 

Neodymium . 

Nd 

142(25*95); 143(13*0); 144 
(22-6); 145 (9*2); 146 
(16-5); 148 (6*8); 150 
(5-95) [6] 

144*29 

144-27 

62 

Samarium 

Sa 

144(3); 147 (17); 148(14); 
149 (15); 150 (5); 152 
(26); 154 (20) 

! 150*1 

150-41 

63 

Europium 

Eu 

151 (50*6); 153 (49*4) 

| 151*90 

; 152-0 

64 

Gadolinium 

Gd 

155 (21);156(23); 157(17); 
158 (23); 160 (16) 

| 156*9 

: 156-9 

65 

Terbium 

Tb 

159(100) 

; 158*19 

i 159*!! 


Dysprosium 

Dy 

161 (22); 162 (25); 163 (25); 
164 (28) 

i 162*5 

! 162*46 

67 

Holmium 

Ho 

165 (100) 

164*91 

j 163*5 


Erbium. 

Er 

166(36); 167(24); 168 (30); 
170 (10) 

167*15 

1 167*2 

69 

Thulium 

Tu 

169 (100) 

168*91 

189*4 

70 

Ytterbium 

Yb 

171 (9); 172 (24); 173(17); 
174 (38); 176 (12) 

173*2 

; 17344 

71 

Lutecium 

Lu 

175 (98-5); 177 (1*5) 

! 174*91 

' 175*0 

72 

Hafnium 

Hf 

176(5); 177 (19); 178 (28); 
179 (18); 180 (30) ! 

: 178*4 

' 17*4 

73 

Tantalum 

Ta 

181 (100) 

t 180*89 

; im 

74 

Tungsten 

W 

182 (22*6); 183 (17-3); 184 j 
(30*2); 186 (29-9) 

183*94 

; 184*4 

75 

i Rhenium 

Re 

185 (38-2); 187 (61-8) 

186*2 

; 181*31 
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Table 43 (coni.) 


B 

• Element 

Symbol 

Mass-numbers 
{abundance in %) 

Combining weight 
(oxygen =16) 

Calculated 

from 

isotopic Determined 
! composition directly 

Osmium 

Os 

1S6 (1-0); 187 (0-6); 188 
(13-4); 189 (17-4); 190 
(25*1); 192 (42*5) 

190*30 

191*5 

7 Iridium. 

Ir 

191 (33); 193 (67) 

192*3 

193*1 

5 Platinum 

Pt 

192 (0-8); 194 (30-2); 195 
(35-3) ;196(26-6) 198(7-2) 

195-13 

193*23 

■j Gold 

Au 

197 (100) 

1 

197*2 

i.t Mercury 

. : Hg 

! 1 

196 (0-10); 197 (0-01); 198 
(9-89); 199 (16-45); 200 
(23-77); 201 (13-67); 202 
(29-27); 203 (0-006); 204 
(6-85) 

i 200*00 

200*61 

i Thallium 

. ! T1 

203 (29-4); 205 (70-6) 

204*41 

204*39 

t Lead 

Pb 

204(1-15); 206(24-55); 207 
(21-35); 208 (52-95) [7] 1 

207*21 

207*21 

3 Bismuth 

. 1 Bi 

209 (100) 

.. 

209*00 

h Thorium 

1 Th 

232 (100) j 

232*02 

232*12 

2 Uranium 

, 1 U 

(234); 235 (0-4); 238 (99-6) 

238*02 

238*07 


in comparable amounts. As an additional rule we can state that the 
lumber of isotopes even for elements of even atomic number never 
exceeds 10, and that the difference in mass between the lightest and 
The heaviest isotope amounts to no more than 12. For all elements 
ifstrt from hydrogen and 3 He the mass even of the lightest isotope is 
it least double the value of the atomic number (M ^ 2 A). The excess 
f the value of the mass above the double value of the atomic number 
u on the average greater, the greater the value of the atomic weight ; 
thus for mercury the lightest isotope is already by 36 units heavier 
than 2J. 

If we also include the radioactive elements in our considerations, we 
can say that all integers from 1 to 238 are made use of by the mass- 
numbers of one or more types of atom, with the single exception of the 
number 5, for which no representative is yet known. Indeed, some of 
tk numbers are associated with isotopes of several elements. Thus the 
Mn isotopes of argon, calcium, and a weak constituent of potassium 
ai have the mass 40, and the three elements tin, xenon, and tellurium 
possess atomic types of mass 124. Such atomic types of different 
-tenents which possess the same mass are called‘isobars’. In so far as 
predsional determinations of the masses of isobars are available, it has 
tetn found that they are in very exact agreement (cf. 3 T and s He; 
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i°Be and 10 B). Moreover, for any future theory of the structure of ri 
atomic nucleus, the following result found for light atoms will b' 
importance, to wit, those types of atoms whose mass-numbers amen; 
to a multiple of 4 show no excess in atomic weight above integral vain 
(relative to 16 0 = 16-000), whereas the intervening atomic nuclei - 
show such an excess in mass, and hence they appear to have a in¬ 
stable structure. 

Finally, it is a particularly surprising fact that the combining weish 
of all the elements appear to he natural constants, in spite of the hr : 
number of isotopes of which many of them are composed. (On ti, 
point see Chap. XXI, p. 200 et seq.) 
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THE SEPARATION OF ISOTOPES 

In* Chapter XV we have discussed the attempts of chemists to separate 
thm each other certain pairs of radio-elements such as radium and 
niesiftliorium. thorium and ionium, or radium D and lead. These 
.vnstitute the first endeavours made for the purpose of separating 
is-itopes. AH of them yielded a negative result, and in consequence 
tbty led to the formulation of the idea of isotopy. A much wider field 
,f inquiry was opened up by the establishment of the phenomenon of 
iM.topy for the ordinary elements (see Chap. XIX), because in this ease 
mere is no limitation to the amount of material available for experi¬ 
ment. and also no limitation in time to he considered owing to spon¬ 
taneous disintegration during the application of the experimental 
method used. In spite of the extraordinarily varied experimental 
i editions to which they have been subjected during many physical 
and chemical investigations, not even a partial separation of any of 
the ’mixed elements’ (see p. 199) has been noted. From this it follows 
that, in general, a separation of ordinary isotopes cannot be an easy 
matter. Nevertheless, before the discovery of the phenomenon of 
IM.topy. no systematic experiments in this direction had been under¬ 
taken. Apart from its theoretical interest, accurate knowledge of the 
■onditions under which isotopes can be separated is also necessary, 
because of the fact that important constants such as the combining 
heights or the density of mercury can he influenced in a very disturbing 
maimer by such a separation. 

Actually there is an element whose isotopes can be separated so 
readily that not only are the laboratory methods of separating them 
relatively simple, but the mixing-ratio of the two isotopes in nature 
aki shows fluctuations. The element in question is hydrogen. The 
irqerties of ‘heavy hydrogen* or ‘deuterium * (atomic weight — -*0147 j 
1 infer so strongly from those of the much more abundant ordinary 
hydrogen (atomic weight = T0081) that the two components can be 
easily separated from each other [1] by fractional distillation of liquid 
hydrogen, by methods of diffusion and also by the particularly simple 
and convenient method of the electrolysis of water. In what follows, 
then we are speaking of the methods of separating isotopes, we shall 
take no further account of this quite exceptional case, in which the one 
lfK) tope is twice as heavy as the other. 

It should be stated in advance that we can only assume the success of 
1 teal separation of isotopes if they were available at the beginning 
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of the experiment as a completely uniform mixture. This condition 
always satisfied (see Chap. XXI) for the isotopic types of atoms of 'Z 
elements which occur in nature, but not for the isotopic radioactive 
substances. Thus, radiothorium extracted from minerals is a 
accompanied by thorium, with which it is isotopic; but it ^ 
readily be prepared free from thorium by separating its rmmeli^ 
parent element mesothorium from the thorium, and awaiting tk 
growth of fresh radiothorium from the mesothorium. In a simikj* 
manner all isotopic radio-elements can he obtained in the separated 
condition if their parent elements are separable, and their reforms* 
tion does not demand too long a period of time. But it is elm? 
that in these cases, which are based on the divers parentage of the 
isotopes, we must not speak of a separation of the isotopes, since tk 
separation only has reference to their parent elements, which are m 
isotopes. The problem assumes a somewhat different complexion when, 
as a result of the diversity of life of two mixed isotopes, it is possible 
to obtain one of them in the pure state. This case arises, for instance 
with the active deposit collected from the atmosphere. At first it 
contains the two isotopes radium B and thorium B, but after one dir 
practically only thorium B is left, since the radium B has meanrli 
decayed almost completely into RaD. Tor thisreason it is hardly correct 
to speak here of a separation of the isotopes, because one of the isotope? 
entirely vanishes. 

Nevertheless, there are also certain less clear cases in which a separa¬ 
tion of mixed radioactive isotopes appears to have been really suc¬ 
cessfully carried out. Thus it has been observed that the raise 
thorium B:thorium C as compared with that of radium B: radium i 
increases when these four elements are adsorbed simultaneously by m 
hydroxide. Either the tw r o isotopic B-products or the likewise isotopic 
C-products must therefore have been adsorbed in different proportions. 
If, in spite of this, we cannot here speak of a separation of the isotop 
in the true sense, the reason is to be found in the fact that the condition 
of completely uniform mixing before the commencement of the experi¬ 
ment is not satisfied. The B-products and still more the C-produets 
have a great tendency to go into solution wdth the properties of colfoMsi 
particles, and the amount of the colloidal and the molecularly disperse 
portions depends on the time during which the solvent medium kf 
been allowed to act. Owing to the different half-value periods, tk 
duration of this action of the solvent is not the same for the thoriw 
and the radium products, and since the adsorption is stronger fa 
colloidal particles than for molecularly disperse ones, the result k 1 
displacement of the concentration ratio. 

Correspondingly, one process for the concentration of isotopes pto- 
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, art ifi c ially is based on the fact, that these freshly produced atomic 
; ^ are in another state of chemical binding than the original material 
'i-^Thus when an organic substance that contains iodine in combina- 
■ -ith carbon is bombarded by neutrons, radioactive isotopes of 
are p ro duced by the capture of neutrons. In this process, 
^rne ^ juolecular binding is severed and the radioactive iodine 
^ ^ not united with carbon. Because of this, it is possible to 
t*ain the active iodine in a very concentrated form by precipitation 
fthe free iodine with silver, or by shaking up the organic liquid well 
water, when all the active iodine ions are concentrated in the 
later 13] Also, by electrolysis in the liquid or gaseous phase, we can 
•?this wav*readily concentrate the active isotopes of iodine [4], These 
•r^ses do not constitute a separation of the isotopes in the true sense, 
.©■f "the condition of initially complete uniformity in distribution is 
v*t satisfied, and it is just this inhomogeneity that is utilized in practice 
4 the concentration of the isotopes. On the other hand, the method 
dusin" radio-elements as indicators (see Chap. XVIII) is based essen- 
ra'lvon their inseparability, and it is therefore clear that we must here 
verv careful to ensure that the process of mixing with the indicator 
a carried out in the molecularly disperse solution, or in the liquid or 

the gaseous state. . . . , 

The first method to achieve a partial separation of isotopes in weigh- 
*hie amounts was that of ‘ideal distillation’. It is based on the follow- 

izi consideration.: . « . 

When a liquid is in equilibrium with its saturated vapour, a definite 
-umber of molecules of the vapour strike the surface of the liquid in 
ait time, and are captured; this number must he equal to the number 
. (molecules that- pass from the liquid to the vapour phase m the same 
tme. The velocity of this process of kinetic exchange depends on t e 
mean velocitv of the molecules of vapour, and likewise on the \e ocity 
the molecules in the liquid. The lighter (mass m x ) of two isotopes 
*ili therefore be in a state of more vigorous exchange than the heavier 
iwtope (mass m 2 ). Now according to the laws of the kinetic theory 
the product mv 2 must be constant, so that the velocities wi Tt a k 
tersely as the square roots of the masses. From this it o o^s t at 

m the unit of time times as many molecules of the lighter isotope 

& of the heavier isotope wall pass over from the surface into the \ apour 
ptaae and, conversely, will be condensed from the vapour p ase. n 
the ordinary process of distillation the number of molecu es con ensec 
^ the distillate is only a small fraction of the number o mo 
iht take part in the kinetic interchange between the liqui an 
Hpotir in the same time. Thus, although in unit time more mo ecu 
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of the lighter isotope leave the liquid, this isotope does not 
more concentrated in the distillate, since conversely and at the *A 
time more molecules of the lighter isotope condense out from :> 
vapour phase. The average composition of the vapour is the sane 1 
that of the liquid. But if we conduct the process along irreveni^ 
channels by preventing the molecules which leave the liquid from let- 
returned to it, it is then possible to concentrate the lighter isotow' 
the distillate. If all the molecules that have left the liquid are hddf« 
before their direction is reversed by collisions with other molecule* 
then the proportion in which the isotopic molecular types exist in & 
distillate must be equal to their ratio in the liquid, multiplied by & 


It follows that — = 
c. 


lm 2 
m , 


: tin'* 


ratio of their average velocities. 

- * JL 

much of the lighter isotope will be condensed as of the heavier im'f, 
We see, then, that although the vapour pressures of two isotopes, ex*t,r 
at the lowest temperatures, are indistinguishably identical, it is ] 


to effect a partial separation by utilizing the fact that their vdmm 
of vaporization are different. The degree of separation can be iwmmi 
bv repetition of this process of 'ideal distillation 5 , just as in the cm 
of other fractional distillations. 


From what has been said it is clear that various conditions must a* 
fulfilled in order that the method may be a practicable one. In tvi 
first place the vapour pressure must be kept so low that the mutual 
collisions of the molecules can be neglected, as they effect a recoil f 
the escaping molecules back into the liquid. Furthermore, the surfoi 
upon which the vaporized molecules strike must he of such a mtiiM 
that all the molecules are held by it, and none of them are reflects 
This is attained most conveniently by the introduction of a strong 
cooled glass surface opposite to the liquid surface. Finally, care mm 
he taken to ensure that the composition of the surface of the liquid AW 
not change relatively to the interior of the liquid; for if the ki« 
exchange between the surface and the interior of the liquid does Bd 
take place sufficiently rapidly, the escape of the lighter isotope 
result in a concentration of the heavier isotope in the surface byes 
and this will prevent any further concentration of the lighter isotvw 
in the space above the liquid. This last condition restricts the 
cability of this method of separation to liquids, and renders it mm 
for solid bodies. 

The first success achieved by this process of ideal distillation 
the partial separation of the isotopes of mercury. The apparatus wq 
for this purpose is depicted in Fig. 46. 300 c.c. of mercury were i 
duced into the intervening space between the inner and outer 
a Dewar vessel, the space being then highly evacuated and the 
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f iii€ riask *4 filtecl a ith liquid, air. Tli 6 mercury was lieu t eel to about 

4 ', r. by nie<ms of the oil-hut h (7, so that its vapour pressure was about 

.Mil mni. and the amount which vaporized per hour per scpiare eenti- 

mette of its surface was about- 0-35 c.e. This vaporized mercury froze 

^ ' t he elass wall of the flask A. After 

*but one-quarter of the amount of 

>«cury had been condensed in this way, 

■ceexjwriment was interrupted, and the 

^iiuai heavier mercury- was transferred 

.. -he evacuated vessel E by opening the 

•tot-cuc-k D, whence it was allowed to flow 

t,- m the apparatus by way of the stop- 

k (i The next step was the removal 

the liquid air from the vessel A, so 

the mercury that had condensed 

, c it could thaw, after which it was 

removed from the apparatus in the same 

tuvas that used for the removal of the 

residue from the distillation. By carry- 

xi oat this process repeatedly it was 

[usable to divide an initial quantity of 

c.e. of mercury into a number of 

tractions, some of which had a greater 
, , •, xi Separation of the Isotopes of M^r* 

m some a lesser specific gravity than cu £ v 1 

Armal mercury. The heaviest fraction 

whine = 0*2 c.c.) had a density of 1-00023 (relative to Hg = 1 ), and 
the lightest fraction (likewise 0*2 c.c.) a density of 0-9997-4, so that the 
Merence in density between the heaviest and the lightest samples of 
aermry amounted to about 0*05 per cent. For equal volumes t he condue - 
ririties of the two samples were indistinguishahly identical, whereas the 
omWning weights differed by almost 0 * 1 unit-, as was to be expected. The 
vmbimng weight of the heaviest fraction was 200*632, and that of the 
lightest fraction 200-564, whereas the combining weight of ordinary 
aercurv is 200*61. 

It has also been possible to effect a partial separation of the isotoj>es 
f chlorine by the same process, and using a 72s aqueous solution of 
H 1 ! for the ideal distillation. The difference in the combining weights 
of the two chlorine fractions amounted to a little more than two units 
the second decimal place, corresponding to a displacement of the 
hexing ratio of the two isotopes 35 C1 and 37 C1 of approximately 6 per cent. 

A partial separation of the isotopes of zinc has also been carried out 
a to manner. Experiments performed in an attempt to displace t he 
ratio of the isotopes of potassium were of particular interest, 



Fig. 46. Apparatus for the Partial 




192 


THE SEPARATION OE ISOTOPES 



because it was possible from them to draw conclusions as to theisct..^ 
responsible for the radioactivity of potassium. By use of the metf,. 
of ideal distillation for the mixed element potassium, which eorly 
of 93 per cent, of 39 K, 7 per cent, of 41 K, and 0-01 per cent, of «£ , 
heavier fraction was obtained. The radioactivity of this was founiu 
be greater by 4-4 per cent, than that of ordinary potassium. ,K | 
showed that the radioactivity of potassium is due to a heavier is.it, ^ 
constituent. Atomic weight determinations of the heavier fraaf, 
revealed an increase in the concentration of 41 K by as much as 7-3 w 
cent. [5]. From this it follows that the radioactive isotope is k* 
readily separated than 41 K, and that accordingly it must have :a 
mass-number 40. 

Experiments on fractional diffusion have been more effective tty 
those of distillation for the separation of isotopes. When a mixture i 
two isotopes in the vapour or gaseous state is allowed to flow tb.-d 
a narrow opening, the lighter isotope will strike the opening 
frequently than the heavier isotope, in consequence of its greats 
molecular velocity. As a result of this, the probability of the passage j 


the lighter isotope through the opening will be — times greater thait 

Ay 

that of the heavier isotope, where m 1 and ra 2 are their respective hmi 
U ow if care he taken to ensure that the molecules are caught on tbs 
other side of the opening, and so prevented from streaming back m 
the vessel, the lighter isotope will be concentrated in the eondeiw 

fraction for the ideal case in the ratio /— by this method also. 1 

V m 1 

A certain amount of success was achieved by a method of diiiai 
with the isotopes of neon as long ago as 1913, at the time of the discover; 


of the phenomenon of isotopy. Here the concentration was effect 
by the use of porous clay pipes. More definite results were obtain 
later by the application of a similar process to mercury, in which ti? 
diffusion took place through punctured platinum foils. The metlof 
was also applied with some success in the case of chlorine, by allowsj 
HCI to diffuse through clay pipes. But it was not nntil 1932 that ta 
principle became sufficiently far developed to make it possible toeffel 
almost complete separation of gaseous isotopes in a single operatic 
The apparatus consists of 24 components of separation, each memk 
consisting of two clay tubes and a mercury condensation pump ic| 
Fig. 47, in which only four of the constituent parts are dram tkj 
dividing line between each being indicated by a dotted line). 0 ae*thri 
of the gas that streams through the first clay tube of a separating eci 
ponent is drawn off by the pump of the right-hand neighbouring 
her, and in this process the lighter isotope is somewhat concentrated 
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, K , friction. The gas remaining behind streams through the second 
iit tube, and a second third of the gas is drawn through its walls by 
:n e pump of the separating component under consideration, so that 
y v the final third passes on to the left-hand component, in which the 
■anie process is repeated. The connexions are so arranged that the 
..jhter isotope is progressively concentrated in a continuous stream 
:'r ru left to right through the whole apparatus, whereas the heavier 



Fig. 47. Apparatus for the Separation of Isotopes by Diffusion. 


i*>H»pe is progressively concentrated in a corresponding manner from 
rirfit to left . Details of the connexions and of the disposition of apparatus 
it the two ends of the series of components can be seen in Fig. 47. 
Tie experiments have shown that in the case of neon the apparatus 
wl only operate for S hours in order to obtain a few cubic centimetres 
l a gaseous mixture in which the isotopes of neon are present in almost 
^ual proportions, whereas the intensity ratio 20 Xe: 22 Ne has the value 
1 in neon as it occurs in nature. A recently perfected model of the 
y^ratus, consisting of 48 separating components and fitted with 
-'-’•“I’ pumps, permits of still quicker and more efficient working of the 
>y#tem, and has been found especially valuable in the preparation of 
tern- hydrogen in the pure state [6]. For the purpose of separating 
the isotopic mixture it is also possible, by means of a special construc¬ 
tion of the pumps, to utilize the diffusion of the mixture in the 
siereury vapour of the pumps, and to dispense with the pipe-dav tubes 
entirely. 

There are several other methods of separation available which deserve 







m THE SEPARATION OF ISOTOPES ru , , 

brief mention because of their theoretical interest. Thus the po>i? iw 
ray method, by means of which isotopes can be recognized by trrj 
separation, can also be used under certain circumstances for the !*, 
paration of the isotopes in the pure state. When the problem present*) 
itself of examining separately the effect of the bombardment of ^ 
individual isotopes of lithium with light and with heavy hydr^d 
nuclei, films of metallic lithium consisting respectively of only «U 
7 Li were prepared by resolving the rays from lithium in aeeonk f 
with the principle used in the mass-spectrograph. 

Since isotopes are practically identical in their chemical property 
the most efficient methods used for separating them are based on dhk 
ences in their masses, and for this reason the processes so far de^rik 
differ fundamentally from the methods applied for the separation f 
substances in other branches of chemistry. Nevertheless, in emq 
circumstances it is possible to effect a separation of isotopes abo q 
normal distillation. On theoretical grounds it is to be expected tU 
isotopes evince sensible differences in their vapour pressures at vtrj 
low temperatures. If account be taken of zero-point energy, it is M 
that at low temperatures the lighter isotope must have the hvM 
vapour pressure, whereas if there is no zero-point energy it will 1 m 
the lesser vapour pressure. When neon is fractionally distilled at i 
temperature of —248-4° C., neon of unmistakably smaller density tkj 
the normal value is obtained in the more volatile portion, where* t 
heavier fraction remains in the residue, so that the lighter isoto{>e nm 
have the greater vapour pressure. The significance of this result j 
primarily that it proves by means of an ezperimentim cruris the ne -n 
sity for the acceptance of zero-point energy; but for the pracik 
separation of isotopes, of course, this elaborate process can he is 
pensed with. I 

On theoretical grounds it is further to be expected that the separ* 
bility of the hydrogen isotopes does not constitute a completely isolate! 
example of separation by simple chemical and electrochemical proceed 
Tor the other light elements there also exists, albeit to a very ma t 
smaller degree, the possibility of a separation of their isotopes or td| 
basis of their chemical or electrochemical dissimilarity. Such exfd 
ments have been carried out quite recently with lithium, carbon, nitrwawj 
and oxygen. In the case of carbon (isotopes 12 C and 13 C) use was 
of the different reaction velocities of the two types of C0 2 with 
by using an enzyme as eatalyser and a complicated counter-eunwi 
scrubbing apparatus, the content of 13 C in one fraction was incwj 
from 1*06 per cent, to 1-36 per cent. [7]. Tor the separation ot tisf 
nitrogen isotopes 14 N and 15 N use was made of the reaction 

15 NH 3 + 14 NH+ 14 NH 3 + 15 NHt. ! 
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lie ratio of 14 X to lf> ^ was found to have been reduced from 25ij to 
^ [A, The vapour pressures of the 16 Q and ls 0 varieties of water 
^ suitieieiitly different to ensure that, when a fractional distillation 
u filmed out ill the above-mentioned fractionation column, a threefold 
, casein concentration of the heavier isotope can be effected after the 
.ai.se of eight days [9]. Finally, by virtue of differences in the electrode 
> wutials of 7 Li and 6 Li it has been possible to effect a change in their 
^,t M pie ratio from 11*6 to 5*1 [10]. 

In a lew specially favourable cases it has been possible to effect a 
nation of isotopes by photochemical methods. Since carbon and 
,\y;ren are practically pure elements, and chlorine consists of the two 
Atomic types 35 C1 and 37 CT, it follows that there will he three different 
lands of phosgene molecules: C0 35 C1 35 C1, C0 35 CFC1, and CYFC'Fr]. 
In the absorption spectrum different lines will correspond to these three 
* v|jts of molecules. For a certain triplet the component line of shortest 


uve-length has the value 2,816*179 A. and is due to the molecule 
i fR;FC1. It is possible to produce light of exactly the same wave- 
digth by removing all other wave-lengths from the spectrum of a 
-rark ktween aluminium electrodes by means of light filters. As is 
di known, only molecules that absorb light are broken down photo- 
nemically, so that a decomposing action of this filtered light is to be 
rx[*cted only for this one kind of molecule. Ey raying the phosgene 
mixture in this way, it was in fact found that chlorine was liberated, 
,tnd its combining weight was 35*429 instead of the normal value 35*457. 
k was thus shown that the filtered light had decomposed mainly tliu<c 
ndecules that contained two chlorine atoms of mass 35. It was not 
o* h expected that the action would be restricted exclusively to this 
we of molecule, since, in addition to the lines, the absorption sjieetrum 
also a continuous background. A similar partial separation of 
Stupes has also been carried out by the illumination of mercury 
ipair with filtered light [ 11 ]; mainly the excited isotopes were 
bdized, and so removed from the gaseous phase. 

Un the basis of theoretical considerations various other methods have 
been tried out, but the}’ have not yet led to successful result.-. 

1 hus in many cases the method of diffusion in aqueous solutions lias 
w* applied, as in attempts to separate the two isoto|>es of uranium. 
Bat for diffusion in liquids the advantage of greater molecular vef »eity 
possessed by the lighter isotope is compensated by the numerous 
rilisions with the molecules of the liquid, by virtue of which the lighter 


more readily loses its direction. Moreover, in aqueous solution 
difference in the masses and hence also in the mobilities of the iso- 


M-®- particles can 1 
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lias in fact never been observed. The same thing holds for the 

of the ions in solutions. 

A spontaneous separation of the isotopes might be expected in t» ^ 
case of the mixed elements occurring in nature as a consequent | 
the effect of the gravitational field of the earth. The lighter sa*> 
the atmosphere might be expected to become concentrated relative i 
to the heavier ones at higher levels, and it might likewise be assumed ti:4 
at vreat heights the ratio of the two neon isotopes would be displa y 
in favour of the lighter isotope; thus at a height of 10 km., instead i 
91 per cent. 20 Ne and 9 per cent. 22 Ne, there should be present id x 
cent. 20 Xe and only 8 per cent. 22 Ne. But such a displacement of in 
molecular composition of the atmosphere is only to be expected if 
suppose that the distribution of the molecules in the gravitational hit 
can take place strictly in accordance with the laws of diffusion, m 
without disturbance by convection currents. These last, howevef 
really exert a preponderating influence within the atmosphere. Simi* 
considerations hold validity for the dependence of the isotopic m 
on depth in the case of mixed elements from the ocean depths. NV 
from the deepest region of the ocean, about 10 km., should be by somtH 
richer in 37 C1 than in 33 C1 that the combining weight of the chlorine «:# 
tained in it should have the value 33- 6 instead of 35-46. But here, ak 
the disturbance of the gravitational distribution by oc-ean current# h < 
strong that it has not been possible to detect the effect even qualitative) 

In principle, the same effects as are produced by gravitational furl 
should also he attainable by centrifugal forces. For the earth ami 
tional velocity of 1 km./see. corresponds to a difference in height s 
about 40 km. It has not yet been possible to construct centrifuge i 
such efficiency, and at the same time so completely to exclude dka 
banees likely to arise from convection, as to render practicable a separi 
tion of isotopes by this means. 

In view of the great difficulties with which the separation of isotw) 
taxes the equipment even of a modern laboratory, it is hardlv t<< I 
expected that any natural chemical processes whatsoever, that U 
place on this planet, will he able to bring about an appreciable d 
placement of the isotopic ratio of an element, always excepting, i 
course, the case of hydrogen. In complete accord with this is the* 
mentioned elsewhere (pp. 186, and 200-202), that the combiningweigls 
of the chemical elements are natural constants. Biological process?# U 
appear to be ineffective in bringing about a separation of isotc?* 
Thus the isotopic composition of the element copper, extracted 
the blood of the horseshoe crab (limbus polyphemus ),. has bees 
subject of careful examination, but the copper so obtained was *3 
to have the same combining weight as ordinary copper [12]. 
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XXI 

MIXED ELEMENTS AND PURE ELEMENTS. 
COMBINING WEIGHTS AND ATOMIC WEIGHTS 

As we have seen in Chapter XIX, Dalton’s hypothesis, that a ehenfii 
element consists only of one quite definite type of atom, has validn 
only for very few elements. Even with these, e.g. helium, it is 
well possible that more sensitive methods will reveal the existent .j 
isotopes (cf. Tables 43 and 56). In the case of the majority of the ^ 
ments it is already known that they are composed of several botqi 
types of atoms. As a result of the chemical inseparability of varkj 
radioactive substances (see p. 148) it became clear for the first timety 
the impossibility of resolving a substance chemically may not comm 
proof that its atoms are all of one type, and this conjecture has 
completely confirmed by investigations with positive rays. In this i;s 
our theoretical ideas on the nature of a chemical element have \m 
strongly modified, since for over a hundred years one had regarded i 
certain the foundations of atomistics due to Dalton, according ton fit 
the number of kinds of atoms was equal to the number of the chemirj 
elements. But the practical significance of this new knowledge is vei 
small for the subject of chemistry, as is shown by the fact that the 
plex nature possessed by so many elements was so long overlooked *i 
chemists, and was first disclosed by researches so far removed in 
chemistry as the investigations on positive rays. Hence it is that tl 
regularities in chemistry embodied in the periodic classification mu 
continue to be built up on the conception of the chemical element, 
We have already had occasion to discuss the fluctuations in tl 
combining weight of lead obtained from different sources (see p. M 
From the chemical viewpoint, however, these kinds of lead, in ^ ini 
the isotopic atom types are mixed in various proportions, are uniui 
elements. Their purification and the determination of their ‘amp 
weight 5 could be carried out by the usual methods. Such an elenrS 
consisting of several isotopes is termed a 'mixed element’—an e\yn 
sion we have already used—and it is preferable to speak of its Vnl 
hining weight ’ rather than of its atomic weight, since in the 1 
chlorine, for example, the relative weights of the atoms contained in 
are 35 and 37, whereas its combining -weight is 35-457. An element tti 
consists of only one type of atoms is called a £ pure element \ and it 
associated with a constant atomic weight w T hich indicates directly ts 
■weight of its atoms relative to oxygen = 16-0000. M hen we 
generally of a 'chemical element 5 , it is not clear whether tve are deafil 
with a pure element, or with a mixed element such as lead or dikm.i 
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In view ot present-day knowledge we can no longer simply say that 
. f; , Aemical elements cannot be further resolved; it is possible to 
karate the various types of atoms present in them, and thus to resolve 
a era into substances of different kinds. To-day we may define an 
„Hnent conveniently in the following way: A chemical dement is n mb- 
j,vu\ which is not resolved into simpler substances by the usual chemical 
The fact that the elements are not resolved chemically 
Stains its validity for all practical purposes, and here we have the 
reason why these substances which persist in all chemical reactions 
-.'fatly bear the name of chemical ; elements For other than chemical 
rxieriments the same substances do not represent something that 
Armor be resolved. By means of certain artifices we can bring about a 
^ration of the isotopic atom types (see Chap. XX), and by others 
a disruption of the atoms (see Chap. X); but since neither of the>e 
nro.tsses falls within the ambit of normal chemical operations, this 
f>tii|Rjsiteness of the elements, which is present in a dual sense*, can 
V neglected in the whole of the vast field of practical chemistry. For 
practical and didactic purposes the above definition is in general suffi¬ 
ciently precise, since almost all the successful methods of separating 
Mopes are typically mechanical ones, inasmuch as in them we make 
ik* of differences in mass and not of a difference in their chemical 
;-r<-j^nies. Nevertheless, it has been possible to attain by photo- 
'faemieal means and by exchange reactions a partial separation of the 
i^mpes of a few light elements. Moreover, for the isotopic* atom tyj&es 
>t hydrogen the difference of their chemical properties also is so great 
Wit we should certaini}’ have been tempted to consider them as two 
different chemical elements, had it not been for the fact that the almost 
i/raplete identity of the chemical properties of the isotopes of all 
"iie rest of the elements has led us to regard the nuclear charge as the 
: rimary characteristic of an element. 

This more exact and more fundamental definition, even though it is 
;;i> re remote from the original chemical meaning of the element concept, 
on he formulated in the following way: 

A chemical element is a substance of which all the atoms hare the same 
*vl*nr charge. Examples: helium (nuclear charge 2), chlorine (nuclear 
forge 17), lead from an arbitrary mineral (nuclear charge S2). lead 
nrmi disintegrated radon (nuclear charge 82). 

A pure element is an element that consists of only one type of atom . 
Examples: helium (atoms of mass 4*002), lead from radon (atoms ot 
ftaf), which emits 5-rays, of mass 210). 

.4 mired element is an element that consists of several types of atoms. 
Examples: chlorine (atoms of mass 35 and 37), lead from galena (atoms 
Tarns 204, 206, 207, and 208). 
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In the thermodynamic sense a pure element is thus a unitary ,y. 
stance, whereas a mixed element is not. But since we consider f,-[ 
mixed elements and pure elements as chemical elements, we seen,) 
the necessity of retaining the systematics of chemistry in spite « :tl 
discovery of isotopy has compelled us to free the concept of the ehen.: 4 
element from the thermodynamic concept of matter. The members ( 
the periodic classification of the elements are chemically unresolvwj 
but in general they are not thermodynamically unitary substance 

In the domain of the radio-elements, for which the isotopic atom ty w 
occur separately in nature, in contrast to the ordinary elements. !* j 
usual to enter the most long-lived type in the periodic classificati- rs 
for with it the chemical properties can be observed most readily: ej 
thorium is taken as element 90, and not, say, uranium X x (cf. Tables ii 
and 41 with Table 38). Only occasionally, and for special purposes a 
we enter all the types of the radio-elements also in the tables of tn 
periodic classification. 

The question as to whether a chemical element is a pure or a mlw 
element is of no practical importance to the chemist, and he i- ah 
interested more in the combining weight than in the weight of tit 
individual atom types of an element. Thus, although for stientd 
purposes a complete table of the ‘atom types 5 is important, the si 
time table of the ‘chemical elements’ and of their ''combining weighri 
has not lost its significance. Since we have tabulated the atom tyq 
of the radio-elements already in Table 38, p. 152, and the atom m* 
of the inactive elements so far as they are at present known in Tablet! 
p. 182, there only remains to be given here one embodying the ehenmi 
elements and their combining weights (Table 44). The arrangement; 
the one usual in chemistry, the elements being entered in the alphl 
betieal order of their symbols. We have also given the atomic nunih 
of each of the elements after its combining w*eight; with the help 1 
this number we can immediately find the position of the partieiy 
element in the periodic classification (see Tables 40 and 41), as veil 1 
its atomic composition (see Table 43). 

Since the combining weights of the mixed elements are only avera| 
values obtained from the weights and the proportions of the isotoft 
atomic types contained in them, the question arises as to whether tha 
can still he regarded as natural constants. It appears that « a 
without reservation answer this question in the affirmative, so te j 
we confine ourselves to the ordinary inactive elements. For these. 
has not been possible hitherto to establish with certainty fluctuate! 
in their combining weights, even when material from quite diffesd 
sources has been investigated, with one solitary exception. Ih» : ! 
hydrogen, for which a displacement of the mixing ratio of the isotrfl 
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Table; 44 


Combining Weights and Atomic Xumbers of the Chemical Elements 



Same of 
element 

Combining 

weight 

Atomic 

number 

Symbol 

Same of 
element 

Combining/ 

weight 

Atom/ 

numb# 

A 2 

Silver 

107-880 

47 

N 

Xitrogen 

14-008 

"~~y 

Ai 

Aluminium 

26-97 

13 

Xa 

Sodium 

22-994 

ii 

Ar 

Argon . 1 

39-944 

18 

Nb 

Niobium 

92-91 

41 

A* 

Arsenic 

74*91 

33 

Nd 

Neodymium. 

144-27 

8o 

Au 

Gold. 

197-2 

79 

Xe 

Neon . 

20-183 

W 

B 

Boron 

10-82 

5 

Ni 

Nickel. 

58-69 

28 

1U 

Barium 

137-36 

56 

O 

Oxygen 

16-CdO‘J 

H 

Be 

Beryllium. 

9-02 

4 

Os 

Osmium 

191-5 

76 

Bi 

Bismuth . : 

209-00 

83 

P 

Phosphorus . 

30-978 

15 

Br 

Bromine . 

79-916 

35 

Pb 

Lead . 

207-21 

>2 

i 

Carbon . 

12-01 

6 

Pd 

Palladium . 

106-7 

46 

Ik 

Calcium . 

40-08 

20 

Pr 

Praseodymium 

140-92 

59 

id 

Cadmium . | 

112-41 

48 

Pt 

Platinum 

195-23 

78 

Ce 

Cerium . ; 

140-13 

58 

Ra 

Radium 

226-95 

»s 

tl 

Chlorine . j 

35-457 

17 

Rb 

Rubidium 

85-48 

37 

Co 

Cobalt 

58-94 

27 

Re 

Rhenium 

186-31 

75 

Cr 

Chromium. 

52-01 

24 

Rh 

Rhodium 

102-91 

45 

(A 

Caesium . j 

132-91 

55 

Rn 

Radon 

222 

•>6 

Cu 

Copper 

63-57 

29 

Ru 

Ruthenium . 

101-7 

44 

Dy 

Dysprosium , 

162-46 

66 

S 

Sulphur 

32-i»6 

18 

Kr 

Erbium . ! 

167-2 

68 

Sb 

Antimony . 

121-76 

51 

Eu 

Europium. 

152-0 ! 

63 

Sc 

Scandium 

45-10 

21 

F 

Fluorine . , 

19-00 ; 

9 

Se 

Selenium 

78*96 

34 

ft 

Iron. . ! 

55-84 

26 

Si 

Silicon. 

28-06 

14 

Ca 

Gallium . ; 

69-72 

31 

Sm 

Samarium . 

150-43 

62 

lid 

Gadolinium : 

156-9 

64 

Sn 

Tin . 

118-7U 

50 

Of 

Germanium 

72-60 i 

32 

Sr 

Strontium . 

87-63 

38 

R 

Hydrogen. 1 

1-0078 

1 

Ta 

Tantalum 

180-88 

73 

He 

Helium . 

4-002 i 

2 

Tb 

Terbium 

1592 

65 

Hf 

Hafnium . 

178-6 

72 

Te 

Tellurium 

127-61 

52 

He 

Mercury . 

200-61 

SO 

Th 

Thorium 

232-12 

90 

Ho 

Holmium . 1 

163-5 

67 

Ti 

Titanium 

47-90 


h 

Indium . ; 

114-76 

49 

Tl 

Thallium 

204-39 

81 

I 

Iodine 

126-92 

53 

Tu 

Thulium 

189-4 

69 

I r 

Iridium . , 

193-1 

77 

r 

LYanium 

238*07 

92 

K 

Potassium. 

39-096 

19 

V 

Vanadium . 

50-95 

23 

Kr 

Krypton . 

83-7 

36 

w 

Tungsten 

184-0 

74 

La 

Lanthanum 1 

138-92 

57 

X 

Xenon. . : 

131*3 

54 

Li 

Lithium . j 

6-940 

3 

Y 

Yttrium . , 

88-92 

39 

Lu 

Lutecium . 

175*0 

71 

Yb 

Ytterbium . 

173-04 

7o 

.Mg 

Magnesium 

24-32 

12 

Zn 

Zinc . 

65-38 

30 

In 

Manganese 

54-93 

25 

Zr 

Zirconium . 

91*22 

40 

Mo 

Molybdenum 

95-95 ; 

42 






takes place much more readily than for the other elements, i or ex- 
ample, water from the Dead Sea or from the leaves of a tree contains a 
little more of the heavy variety of water than does rain-water. But 
copper and chlorine from widely separated sources of origin, iron, 
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nickel silicon, and chlorine from terrestrial minerals and from meter- 
ites, mercury from minerals of very different geological age and 
graphical occurrence, all of these showed complete constancy in :)*. 
combining weights within the limits of experimental error (of. (V 
XIX, where this question has already been mentioned). The rati l' 
the isotopes 1S 0 and 1S 0 in stone meteorites is the same as in terrestrit 
oxygen; this was shown hy determinations of the specific gravity r* 
water made from these sources of oxygen, and hy means of m w . 
spectrograms [1]. From these facts we must conclude that the atoaii- 
types of the elements were already formed and had had opportunity fr 
complete mixing before the solidification of the planets. This cm. 
elusion is in best agreement with the assumption, which for 
reasons seems probable, that our solar system was initially in a if* 
magma or gaseous state. 

But in the framework of these ideas we must expect that the in¬ 
stancy in the combining weight will he absent when a new fomiatra 
of atom types has taken place since the solidification of the earth, 
crust. This case has arisen exclusively with the radio-elements. Th 
lead which has been formed in uranium minerals during the course >i 
geological time has had little or no opportunity of mixing with ordinan 
lead, and in accordance with this we find here those fluctuations in the 
combining weight which we have discussed in Chapter XT. An analo¬ 
gous case is the low combining weight of strontium formed hy the 
disintegration of rubidium (see p. 237). The deviations in the cm <1 
lead, thorium, and strontium of radioactive origin are, together rat 
those achieved for a number of elements by an artificial separation.' 
the isotopes (see Chap. XX, p. 187 ), the only fluctuations that it b 
been possible so far to establish. In all other cases—always with tb 
exception of hydrogen—with the present-day attainable accuracy, tie 
combining weights of the chemical elements are natural constant' 
which have not lost any of their practical importance as a result ui 
the recognition of the complex nature of the mixed elements. 
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XXII 

the preparation oe radioactive substances 

It will be clear from what has already been said about the chemical 
iMttire of radioactive substances that they do not constitute a group 
, f elements with the same, or even with similar chemical properties. 
Their physical behaviour, the disintegration of their atoms, is the only 
yjhng they have in common. From the chemical point of view they 
differ greatly from one another, and this applies even to elements such 
* radium and radon which are very closely related genetically. For 
lids reason, then, no single process can be applied to the production of 
une and all of them, and it is not possible to state certain group reactions 
to, say. in the case of the rare earths or the alkali metals. 

Moreover, owing to their radioactivity and consequent instability, 
te are here faced with special difficulties such as we meet in no other 
branch of chemistry. An inactive substance that has once been freed 
from foreign chemical elements remains permanently pure, provided it 
i> suitably stored. It would strike a chemist as being very remarkable 
it* chemical elements that he had carefully removed were to reappear 
after the lapse of a fev r hours or weeks. But with radioactive substances 
this is always occurring, with some more quickly than with others. Of 
rourse. when the substance is regenerated after an interval of a few 
tours or a few minutes, the amounts formed in this time are never 
weighable nor visible, but are only rendered evident by the radiation 
they emit. In the ordinary chemical sense the preparations have 
remained pure, and it is impossible to recognize the admixture of a 
foreign element either by means of reagents or with the aid of a spectro¬ 
scope, Nevertheless, the electroscope reveals to us that the substance 
which bad been removed is again present in the material. 

In the preparation of radioactive substances in a state of purity it is 
therefore necessary to differentiate between the terms ‘ chemically pure 
and ‘radioactively pure 5 . The methods we apply will differ greatly 
according to the purpose we have in hand. 'Chemically pure' thorium, 
to take one example, may contain several radioactive disintegration 
products as impurities without its utility being adversely affected, 
Conversely, a preparation of radium which is pure from the radio¬ 
active viewpoint (e.g. free from mesothorium) may, for many radio¬ 
logical investigations, contain quite appreciable amounts of barium. 
In the chemical sense we can obtain only very few’ of the radioactive 
substances in the pure state ; besides uranium and thorium, only proto- 
*etinium, radium, radon, and radium D can he obtained in visible 
quantities. Nevertheless, we are rarely concerned with the chemical 
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purity of these substances, for their most valuable feature is their ra*« 
active properties, which lose little or none of their effectiveness bv tfo 
admixture of inactive material. Thus chemically pure radium ehJuiii? 
(i.e. 100 per cent. RaCl 2 ) has so far only been prepared on three fu¬ 
sions (in Paris, in Vienna, and in Munich), and for scientific purpe*> 
We also rarely require complete purity in the radioactive sense, for at 
£ impurity’, especially of the disintegration products of the substarct 
itself, is quite welcome in practice, because in this way the activity q 
the substance (e.g. mesothorium or radiothorium) increases. In sciemifi 
investigations, however, the radiochemist is frequently confronted vita 
the task of preparing the pure substance. But it will be clear ffoni 
what has been said that in this case he must be informed exactly * 
to the day and hour at which the £ radioactively pure 5 preparations 
desired, and he will then so arrange his work that the short-lived ml 
hence quickly regenerated disintegration products are removed imme¬ 
diately before the preparation is to be used. 

A second difficulty met with in the preparation of pure radioactive 
substances lies in the fact that many, in fact most, of the radioactive 
substances cannot be separated chemically from other partly active 
and partly inactive substances, once they have been mixed, either 
during their preparation or in consequence of their occurrence together 
in nature. This difficulty is a much more disagreeable one, because it 
is capable of making impossible the practical utilization of the radio¬ 
active substances. These disturbing elements are isotopes of the sub¬ 
stance concerned (see Chap. XV). Radium D, for example, in spite d 
the relatively large quantity of it which occurs in minerals, and although 
its chemical properties are quite accurately known, cannot he obtained 
in concentrated form, in which form it would be very useful for mam 
purposes, because its chemical properties are ident ical with those of the 
other types of lead with which it is associated in minerals. We now know 
that the phenomenon of isotopy is one which also occurs with numerous 
inactive elements, but in this case the problem of the separation of the 
isotopes manifests itself in quite another form. Here we require to 
separate the old chemical elements into fractions differing from ea A 
other solely in atomic weight, the solution of which task is sough 
mainly because of its theoretical importance. But with the radio¬ 
elements the individual atomic types of the elements are characterized 
by especially interesting and valuable properties, their radiations, asd 
hence the problem of the separation of isotopes appears here as the 
preparation in the c pure state 5 of the radioactive substance concerned. 

A final difficulty met with in the isolation of the radio-element* 
has its origin in the short life of some of them. When they decay 
in fractions of a second, it is clear that we cannot obtain thea 
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y chemical manipulations such as precipitation, filtration, and so on: 
: ul even those which live for several minutes or hours cannot generally 
v dilated chemically from such a complicated mixture as that pre- 
eAm \ by most uranium and thorium minerals. This difficulty can be 
,.ided. however, for the quicker an element decays the more rapidly 
* ill! be regenerated from its parent substance. Correspondingly, the 
principle involved in the preparation of short-lived substances 
vn»fcts in separating the parent substance from the mineral in as 
vn filtrated a form as possible. Should this parent substance also be 
, 1,1 > unstable, we should separate an earlier more stable member of the 
integration series. We can then await the growth of the desired 
-winet. and undertake the chemical separation in a manner which is 
jrtserally both easy and quick. Table 45 gives a summary of the radio 
aments which, in consequence of their long half-value periods [T), 
tarred in the table, can be extracted directly from the minerals, 
fhty are arranged in the table in the order of decreasing half-value 
jrtiid. and the last five can also be obtained from their parent sub¬ 
mits, just as in the case of the typically 'short-lived' elements, 
k nder favourable circumstances this is a particularly easy process with 
rial), for one of its more distant ancestors, radon, is easily prepared in 
If pure state, and the intermediate products are all short-lived. 

Table 45 

idw-dements of Long Life which can be extracted directly from Minerals 


Tiwmm . 

T = 1-34X10 10 years 

Radium Dt 

T - '22 years 

’ nudum . 

4-4 x 10 9 years 

Actinium . 

13*5 years 

iiWUttt , 

8-3 x I0 4 years 

Mesotliorium If . 

6-7 years 

. " ^Minium . 

3-2 x 10 4 years 

Radiothoriumf . 

T9 years 

taitcim , 

1,590 years 

Polonium . 

140 davs 


IW elements denoted by *j* cannot be extracted directly as pure ele- 
: mts owing to the fact that the minerals contain isotopes of longer life. 

In what follows we shall give separate accounts of the most important 
tikis concerning the preparation of the long-lived and of the short-lived 
^iio-elements. 

A. Preparation of tee Radio-elements oe Long Life 

Thorium. Since large quantities of very pure thorium are required 

Pastry, quite a number of processes for the extraction of ‘ chemically 
thorium are known. But we shall not deal with them here, because 
t At information can be obtained from text-books on chemistry and 
/'Wticularly from special works on the rare earths. It should be inen- 
here, however, that the thorium derived hv the usual processes 
a ! ^ter ’radioactively pure but is contaminated at least by its isotope 
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radiothorium. Nevertheless, there is a means of separating thun- 
even from this radio-element, and we propose to give it, 
instructive to see how the chemist, by taking time into his' comid^,» 
can carry out purifications that would be impossible by direct nuu 
The radiothorium contained in thorium after its chemical purifk&t l 
decays to a negligible fraction of its former value after the £* 
of 20 years; but during this time mesothorium 1 is formed frun; 
thorium, and from this fresh radiothorium is produced. Bv ad,U- 
barium to the solution and separating the thorium from it, we can, ^ 
frequent repetition of this process throughout the twenty years, eiyu> 
that appreciable quantities of mesothorium can never accumulate * 
the thorium solution. During this period the old radiothorium ha* ^ 
pletely disappeared and no fresh radiothorium has been regenerate', 
the solution, so that we now have not only the chemically pure thonur:.' 
salt in solution, but it is also pure from the radioactive point of m 
In order that this may he successful, however, it is necessary that v* 
thorium mineral should contain only very small amounts of uraaiut?, „ 
so that the separated thorium will be contaminated with the 
traces of the long-lived isotope ionium. 

Monazite sand is used almost exclusively as the source for theem> 
tion of thorium. The best-known thorium minerals are thorite m ! 
thorianite (see also Table 52, p. 273). 

Uranium. We do not propose to deal with the question of the 
paration of chemically pure uranium salts either, as the netmq 
instructions are readily found in the literature of chemistry. In control 
to thorium, we cannot obtain uranium as a 'pure element’ nomiwi 
what artifice we may adopt. Since aetino-uranium and uranium II 
which are isotopic with uranium I (T = 4*4 x 10 9 years), possess tef 
half-value periods, T= 7x10 s and 3xI0 5 years respectively, i: j 
impossible to wait till they have decayed. But for all practical purp»*i 
(i.e. as regards the magnitude of its combining weight, etc.) the *miid 
element- 5 uranium consists only of uranium I; the amount of M J 
less than 1 per cent., and that of U n less than one-hundredth percerf 
of the amount of TJj. 

Pitchblende is the chief mineral now used in the manufacture I 
uranium (see Table 52, p. 273). 

Radium. In all unaltered primary uranium minerals about 34 K 
gm. of radium is associated with 1 gni. of uranium. Correspond^ 
we find only about 2 gm. of radium in 10,000 kg. of a uranium pW 
blende. Its extraction is a very tedious task, of course, but it» 
disturbed by the presence of any isotope of radium, and it is due to Aj 
happy circumstance that the first attempt to extract radium hf 
pit chblende residues was crowned with complete success. This 
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out by II. and Mme Pierre Curie. Since the chemical properties 
riiiium are very closely related to those of barium, we can apply 
wess which permit s a quantitative and rapid separation of barium 
- mtiie remaining constituents of the mineral. It is not possible to give 
j^nite and generally valid procedure for the extraction of radium, 
th e initial materials require different kinds of treatment. More- 
the price of radium is not high enough to justify the rejection of 
•Either valuable constituents of the minerals, without endangering the 
**i4ne>s aspect of the process. Thus the uranium content is about one- 
Zni as valuable as the radium content, and when vanadium is present 
. , LUSt a iwavs be extracted. Nevertheless, in all the processes, we can 
fferentiate roughly between the following main stagesin the extraction : 
1, Solution or opening up of the uranium minerals. 

I {separation of all sulphates insoluble in water. 

1 Their conversion into soluble salts. 

4, Purification of the radium and barium from foreign constituents. 
5 t Fractional enrichment of the radium in the barium. 

Each of these points can be widely varied, and we do not propose to 
into the numerous suggestions and experiments on this aspect of 
the subject. We shall content ourselves with the discussion of the main 
matures of two processes that have been well tried on a large scale, and 
i hi**h differ greatly both in the initial materials used and in the methods 
niopted for their treatment. 

w horns in Use at St. Joachimstal ( Jdchymov ) 
ft. Joachimstal in the Erzgebirge is the most important source of 
■ .-hum-hearing ores in Europe. Here the process described below has 
m applied continuously since 1910, originally under the control of 
•ae Austrian Government, and since the mines and factory were taken 
■ver by the Czechoslovak authorities, nothing has been altered in the 
w hods originally introduced. 

The initial material is uranium pitchblende, the main constituent 
f which is U 3 0 8 , with admixture of very many other compounds. 
nmMy PbS, Si0 2 , CaO, EeO, and MgO. It contains crystalline 
.material in a highly dispersed state, the size of the individual crystals 
:*iag only 1CH to 10 -7 cm. The broken-up ore is treated with sulphuric 
uid to which some nitric acid has been added, the concentration being 
such that the uranium goes completely into solution, wiiereas the radium 
Twins behind quantitatively with the insoluble sulphates of calcium, 
Atrium, and lead. These are more or less completely taken up bj boil- 
H three times with a solution of soda, the parts which still remain 
aeknged, the so-called e residual residues 5 , containing among other 
things the whole of the tantalum, and to these we shall return in 
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r nnexion witli tlie extraction of protoactmium. For the purpose of 
, plication the dissolved constituents are again precipitated as sul- 
; converted into carbonates and then into chlorides. In the process 
*ne lead remains partly undissolved as chloride, and it is partly removed 
v m eans of precipitation with sulphuretted hydrogen. The final part 
/ the process is the fractional crystallization of the mixture of radium 
ml barium chlorides until the required concentration of the radium 
m been attained. Owing to its smaller solubility, the radium is con¬ 
futed in the crystals. 

In order to make the various steps in the process of extraction as dear 
i* Edible a schematic representation of the process is given on p. 208. 

The quantity of radium produced per annum at St. Joaehimstal only 
Mounts to 3 or 4 gm., owing to the difficulties to he overcome in the 
mininu of the uranium ore. During recent years a radium factory 
been worked at Oolen (near Antwerp) in Belgium, and the annual 
induction of radium is here very much greater than that of St. 
j^thimstal. The mineral used in the production of radium in the 
Belgian factory is a rich pitchblende wilich occurs at Katanga in the 
Belgian Congo. As the initial material is pitchblende, the essential 
features of the method of treating the mineral will not differ from those 1 
muse at Joaehimstal, but details of the process have never been pub- 
dell The yearly production of radium in Belgium at present amount s 
% about 36 gm. 

L Process in Use at Denver 

As a second illustration of the rational extraction of radium, we shall 
ii-:w describe the process developed in. the years 1914 and 1913 at Denver 
m the State of Colorado, North America. The deviations from the 
Austrian process are due mainly to the fact that the initial material 
> carnotite. a vanadate of potassium and uranium of completion 
K/J* 2U0 3 • Y 2 0 6 • 2H 2 0, but also partly to the fact that the resources 
available for the equipment of the plant "were much greater than in the 
previous case. 

The ore is treated with hot concentrated nitric acid to which a small 
Amount of hydrochloric acid has been added, and the whole ot the 
r^iiuni is thereby brought into solution, in spite of the presence ot 
sulphates. After partial neutralization with XaOH and addition of 
barium, it is then precipitated as sulphate together with barium and 
Iml The decanted solution is worked up for uranium and vanadium, 
whilst the sulphates obtained are mixed with w'ood charcoal in a graphite 
niiible, heated for 7 hours at 800° C., and so converted into sulphides. 
The* are dissolved in hydrochloric acid, the lead is removed by preci¬ 
pitation with hydrogen sulphide in ammoniacal solution, whereas the 
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fjnum and radium are precipitated as carbonates, and again dissolved 
l iiolrobromic acid. In this case the enrichment of the radium in the 
barium is carried out by fractional crystallization of the bromides. 

Xi ie Denver process is represented schematically on p. 210, the 
't-rations leading to the extraction of uranium and vanadium being in- 
i’jdeilalso. The American carnotites contain on the average 4 mg. radium 
T *r metric ton. Up to the end of 1922 about 52,000 tons of the ore had 
: ^n worked up, corresponding to the production of about 2uO gm. uf 
rdium. Since the opening of the Belgian factory (see above) both the 
American and Joachimstal productions of radium have lost in importance 
vear by year, and from time to time the factories have been closed 
t wn entirely. At the same time the price of radium has gone down 
*e\). 224). 

The virtual monopoly held by the Belgian producers of radium for 
ajnre than a decade has recently come to an end. In 1930 an extensive 
.iniirrence of pitchblende was discovered on the eastern shores of the 
\mt Bear Lake, Xorth West Territory, Canada [1]. This pitchblende 
rambles the Joachimstal deposits in its general character and in the 
riiture of the metallic minerals associated with it. Picked samples of 
lie ore contain from 45 to 55 per cent, of U 3 0 8 , and the thorium content 
the ore is almost negligible (c. 0-004 per cent.). Lead extracted from 
it is found to he fairly pure RaG, for the combining weight of this lead 
>2<HM>6. and the mineral contains round 10 per cent, of lead. As the 
northerly point reached by the railway system is over 1.000 miles 
distant from the Great Bear Lake, the transport of the material lias 
presented very great difficulties. These have been surmounted by the 
i-weyanee of the concentrated ores by boat during the short period 
when rivers and lakes are not ice-bound, and during the rest of the year 
they are transported by air to the nearest railway terminus. A radium 
retinery has been erected at Port Hope, Ontario, and already 3 gm. 

"f radium are being produced monthly. It is hoped that the output 
vil soon be doubled. The undertaking is working smoothly, and in all 
'liability it will effect a further reduction in the international price 
f radium (see p. 224). Finally, it may be mentioned that, during the 
tm few years, the Chemical Works at Treibach in Carinthia (Austria), 
working on ores from various sources, have been able to produce 
^ereral grams of radium annually. 

From the discovery of radium to the end of 1936 it is estimated [2] 
the amounts of radium produced from ores derived from various 
sources are as follows: 

Joachimstal (Jachymov) . 50 gm. Canada (Great Bear Lake) . 2# gm. 
nitrti States of America . 250 „ Portugal, Russia, England, etc. 50 ,, 

Congo (Katanga) .500 „ World product ion - r. ShVot. 
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Mesothorium L We shall proceed immediately to the desorb?; - 
of the extraction of mesothorium, because this element is isotopic 
radium, and hence the extraction of the two substances is carried on* h- 
very similar processes. Mesothorium is found in every thorium miner:/ 
there being 3*7 x 10“ 10 gm. present with each gram of thorium. El;' 
since all thorium minerals also contain a small quantity of uraniu^ 
and 1 gm. of uranium corresponds to the presence of 3*4 x 1CK 
radium, it follows that all mesothorium extracted from mineral 
be mixed with an appreciable quantity by weight of radium, even thou^ti 
the radiation from it may be much weaker. Mesothorium ear 
obtained as a £ pure element 5 only by awaiting its gradual regenerate.; 
in thorium salts. It can be isolated simply by precipitation of tb 
thorium with ammonia free from carbonates, eventually after t k 
addition of a little barium, from which the mesothorium can k 
separated again later by fractional crystallization. But it is self- 
evident that, even after the lapse of years, only a very small 
by weight can be obtained in this manner. In all practical applies, 
tions, the radiation value of a mesothorium preparation is inmmi 
if it contains any of the longer-lived element radium. 

The mesothorium content of radium is generally very small. If th| 
radium has been derived from American carnotite, about 1*5/ Irhf 
the y-radiation is due to mesothorium plus radiothorium, whereas i 
it was obtained from Joachimstal pitchblende this fraction only amouni 
to 6x 10~ 6 . * : 

The extraction of mesothorium on a large scale is carried out i| 
conjunction with that of thorium. In the working up of monazite saw 
a residue insoluble in sulphuric acid is obtained, and these insoluNj 
sulphates are then worked up in exactly the same maimer as thaf 
which has been described for the extraction of radium. If there ft m 
doubt as to whether the initial material contains sufficient barium, it j 
advisable to add a little of a barium salt. 

Protoactiniwn . In the extraction of radium by the Joachimsu 
process it was mentioned that the ‘residual residues’ were those pan 
of the initial material most difficult to bring into solution, and that i 
addition to acids of the rare earths they also contain tantalum anl 
its higher homologue protoactinium. We obtain a fraction of mM 
composition by working up pitchblende with sodium bisulphate. Bj 
treatment with hydrofluoric acid the acids of the rare earths can h 
brought into solution, wdiereas barium and lead remain undissoM 
On subsequently digesting with sulphuric acid v r e again obtain a dep*| 
of tantalie acid, which can be freed from iron and other impurities bj 
means of aqua regia. Another method consists in dissolving out tij 
tantalum directly from the pitchblende by means of hydrofluoric aci 
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sulphuric acid. Protoactinium is markedly more basic than tanta- 
; A rn and shows a very close relationship to zirconium and hafnium. In 
-e preparation of pure protoactinium use is made of this relationship, 
protoactinium being precipitated with zirconium phosphate. The 
*oiid step consists in the separation of the phosphoric acid by means 
: alkalis, and the conversion of the zirconium and protoactinium into 
• <ychloride. The separation of zirconium is carried out by means of 
ulk acid, after addition of thorium. Finally, the protoactinium is 
grated from the thorium by the use of hydrofluoric acid. Since the 
uMiit of uranium mineral required for the preparation of 1 gm. of 
idium contains over 0*5 gm. of protoactinium, it has been possible to pre- 
vire the latter in a pure state in quantities of this order of magnitude [3]. 

Ail hi him. This radio-element is a higher homologue of lanthanum 
can be extracted together with this element from all uranium 
minerals, by means of the methods of separating rare earths dealt with in 
^realises on chemistry. The concentration of the actinium as compared 
Tilth the lanthanum salts is, however, met by difficulties similar to those 
riikh generally arise in the separation of the rare earths from one 
unher; but the difficulties are intensified on account of the fact that 
ut radiological control of concentration is very tedious, owing to the 
rjwfssity for awaiting the development of disintegration products from 
Ut* raylessf actinium. Hitherto it has been established that actinium 
>' more strongly basic than lanthanum, and it is therefore only in- 
■i-mpletely precipitated by ammonia, particularly in the presence of 
iMionium salts. x4 more convenient method of obtaining it will be 
rendered accessible wdien a sufficient amount of its parent protoactinium 
^ been prepared in the pure state; owing to the difference of their 
irmkal properties it will be a simple matter to separate the actinium 
>m the protoactinium. 

knhtm. Up to the present we know’ of no uranium mineral that is 
i'*-lutely free from ordinary thorium, and for this reason it has not 
Keen possible to prepare the isotopic element ionium in the pure 
But the mixed element obtained from uranium minerals prac- 
^-ally tree from thorium consists of equal parts of ionium and thorium, 
:i| d it accordingly exhibits an appreciably’ smaller combining weight 
** p. 151). Conversely, every thorium mineral contains appreciable 
quantities of uranium from which slight traces of ionium are formed, 
hence, although the atomic weight of the thorium obtained is not 
dtered thereby, its activity is always more or less increased by the 
r-re^enee of this admixed ioni um . It is clear that, for the separation 

The 3*radiation from actinium, the existence of which it is necessary to assume in 
^ explain its transformation into radioact inium (cf. p. 229), is too weak to be 



214 PREPARATION OF RADIOACTIVE SUBSTANCES Ckp,x v 

of thorium -ionium salts from minerals, the methods that have U 
developed for ordinary thorium are applicable. 

Regarding radiothorium it has already been mentioned that 
always obtained together with thorium from minerals. It can | 
prepared as a pure element if we start off with mesothorium in a m 
of radioactive purity; radiothorium is gradually generated in the nin 
thorium, and after the lapse of sufficient time a simple barium-tW^ 
separation can be carried out by means of NH 3 . Since the regenerant 
radiothorium is only present in unweighably small quantities, it 
necessary, in order to obtain visible precipitation, to add, say. a fen 
salt which is precipitated wdth ammonia. In this connexion refer® 
should be made to the chemical treatment of the radio-elements of »b} 
life (p. 215). 

Radium D. Although RaD is itself almost rayless, it is the consfes 
of radio-lead which is responsible for the activity of several dead 
duration, inasmuch as it is the parent of radium E and polonium, 
can never be obtained in the pure state from minerals, for even thcs) 
there may be no ordinary lead in the uranium mineral concerned, tj 
latter inevitably contains radium G, w r hich is likewise an isotope of lea 
Moreover, as compared wdth. the amount of RaG present, the amoia 
of RaD in the quantitative sense is negligible. On the other hand, h 
can be obtained as a pure element from radon, although the airroa 
obtainable in this w r ay is very small. But since this method belong 
those which can only be carried out in general wdth short-lived rsd 
elements, we shall defer the discussion of it till later. It is worth U 
tioning, however, that RaD associated with ordinary lead is aboard 
valuable material for radiologists, for it serves as a useful source fcj 
which RaE and polonium may be periodically obtained. 

Polonium . This element can either be separated together with b 
muth directly from uranium minerals, or it can he obtained ml 
conveniently from radio-lead. As already mentioned, polonium is bej 
generated continuously in this mixture of ordinary 7 lead with its k>Wf 
RaD and RaG, until it is in equilibrium with the RaD present. M 
over, it is possible to obtain it in fairly concentrated form by recrrsti 
lizing the radio-lead, preferably in the form of nitrate. The polonii 
remains in the mother liquor, and may finally be obtained electro) 
tically and free from lead and RaE by maintaining a cathode pofif 
tial that is not allowed to fall below E c = —0*08 volt.f Gcdd 
molybdenum is to be recommended in preference to platinum u I 

t Since it is rather troublesome to measure the individual potential of the ektpjf 
we may make use of the following approximate instructions, which are quite sati-- 
in practice. If the current be not allowed to exceed 3xI0" 5 amp. per sq.ym. & ! 
cathode surface, the nitric acid solution being ^ N in strength, the polonium is 
in a very pure state. 
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serial of the electrodes, because the polonium cannot be redissolved 
^iutitatively from the last-named metal, owing to the formation, of an 
£;,.y. I Further details on the electrochemical separation of polonium 
& liven in Section B, in connexion with the preparation of Pm A, RaE, 
BE and ThC.) 


B. Preparation of the Radio-elements of Short Life 

The shorter the life of the radio-element, the more necessary it is for 
methods of preparing and purifying it to differ from the ordinary 
iemical ones, and the more necessary it also becomes to have recourse 
v measurements of activity as a means of controlling these methods, 
in addition, the radio-elements of short life occur for the most part 
;,«rds the end of the disintegration series, later on than the emana- 
This circumstance also makes it advisable to describe them 
separately, for we shall see that the ease with which the emanations 
:m be obtained in the pure state can also he utilized in the isolation 
of their succeeding products. For this reason we shall ^consider first the 
methods of preparing the three emanations. 

Being inert gases, the emanations are only occluded and never chemi- 
: 41 y attached to the salts in which they are formed. They usually 
escape partially even at room temperature, whilst the major portion 
»liberated by heating, and if the salt concerned be fused, the whole of 
:k emanation can be set free. By carrying out the fusion in a suitably 
Mimed apparatus the -whole of the emanation can be collected. The 
Hydroxides and halides ‘emanate 5 best, even at room temperatures, 
whereas sulphates retain large quantities of the emanation. In order 
t f * wllect radon (radium emanation) quantitatively, it is most con¬ 
venient to dissolve radium chloride or bromide in water, to allow’ the 
sealed-off solution to stand until a sufficient quantity of emanation 
bfci been generated, and then to pump off the whole of the gases and 
:mm£er them to another vessel. By suitably constructing this vessel 
»e may use it to perform the separation of the rare gases from the 
idmixed gases nitrogen, oxygen, hydrogen, and ozone, by the methods 
in gas analysis. The oxygen, hydrogen, and ozone are always 
termed in consequence of the action of the rays from radium on the 
water (see Chap. XXIV). It often suffices to explode the explosive 
iliture of hydrogen and oxygen, which constitutes the major portion 
d the mixed gases, by sparking in a eudiometer tube similar to those 
^ hi gas analysis. If it is required to obtain the radon in still purer 
foa, it is advisable next to free the residual gases from carbon dioxide 
water vapour by contact with solid potassium hydroxide, and 
tfei to condense the radon by means of liquid air. The uncondensed 
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impurities (nitrogen, hydrogen, rare gases) are then pumped of. a;j 
after removal of the liquid air the regasified radon is allowed to ^ 
into the vessel in which it is to he used. 

It is obvious that such a complicated purification can only be carr* 
out with the relatively long-lived emanation radon; in the ea^ 
thoron and aetinon we have to content ourselves by liberating m 
collecting them from the salts or solutions, even though tliev 4 
contaminated by large quantities of inactive gases. They can never j 
utilized in the form of such intense sources of radiation as radon. \\ 
for most purposes, especially the extraction of their disintegritb 
products, w T e are not disturbed by the presence of the admixed macnt 
gases. 

The first disintegration products of the emanations are the 
lived active deposits’, this being the group-name for the prody 
radium A, radium B, radium C, radium C', radium C", and the tifi 
sponding disintegration products of the thorium and actinium cli 
integration series. They are usually obtained by hanging a negated 
charged platinum foil in the vessel containing the emanations, II 
yield is greater the larger the surface of the platinum foil, mi 1 
negative charge only serves as a means of concentrating the wti» 
deposit upon it. The above-named products are deposited on the fa 
and can be obtained in solution by means of dilute acids, and in krj 
measure even with hot water. If necessary they can then he separaw 
In order to obtain thorium B and thorium C it is very convenient 
use an apparatus like that depicted in Tig. 42 (p. 133); situated at tj 
bottom of this apparatus is a glass or platinum dish containing the 4 
of radiothorium or thorium X. 

By a shorter or longer exposure of the platinum foil in the emanate 
we have a means of altering in a known manner the relative proportid 
of the A-, B-, and C-products, so as to get a favourable yield of tj 
substance desired. In this way it is not difficult by means of vtj 
short exposures to obtain practically pure radium A (cf. p. 135). Ai 
rule, however, it is necessary to effect a subsequent separation on 
individual members of the active deposit. In the thorium and actiuii 
disintegration series the A-pro ducts hardly call for consideration, owj 
to their very short life, and even radium A decays so rapidly that 1 
removal presents no difficulty, if we require only radium B plus nil 
C. It suffices to wait about 20 minutes after completion of the export 
before using the active deposit. We have just described the 
of obtaining pure radium A, so that we need now only disetw i 
methods for the preparation of the B- and C-products in the pure fefj 

We can achieve a partial separation simply by heating the ptei 
foil; thus at 800° C. 75 per cent, of thorium B volatilizes and ol 
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4 ( , ?^|* cent, of thorium C. But the chemical and electrochemical 
Methods of separation are more effective. 

In order to apply them we first proceed to dissolve the active deposit 
rrom the platinum foil by means of dilute acids, and then make use of 
*j ;e known methods of separating bismuth and lead. Thus, by means 
, f electrolysis, if the cathode potential reaches the approximate value 
; y - —0*5 volt, hut does not fall below this limit—in a weaklv acid 
Nation this corresponds to a current density of 0*4 ma. per sq. em.—• 
ae v m separate pure C, whereas the B remains almost quantitatively 
1U elution. The separation of B can be almost completely prevented 
jwe add to the solution a small quantity of isotopic lead in the form 
a soluble lead salt, and so ensure that the very small quantity of lead 
TAt is separated out below the above-mentioned cathode potential, 
*hich is characteristic of lead in this state of dilution, consists almost 
wholly of inactive lead atoms. If the whole of the bismuth isotojies 
have been removed, the deposition of which already begins at a poten¬ 
tial of = —0*08 volt, corresponding to about 0*16 ma. per sq. cm., it 
^offices to increase the terminal voltage so that the cathode potential 
u* below —0*5 volt in order to be able to separate out the B-produets 
hi an arbitrary electrode. If these are required, we should of course 
avoid previously adding appreciable quantities of inactive lead. 

Instead of carrying out an electrolytic separation, a still simpler 
method of separating out the C-products is to dip a clean sheet of nickel 
into a hydrochloric acid solution of B and C. As a result of a process 
which is essentially identical with that of electrolysis, the C-produet is 
deposited on the nickel sheet free from the B-product (of. p. 102). If 
platinum be modified electrochemieally by charging it with hydrogen, 
wtonium. RaE, ThB, and ThC are deposited on it, without the passage 
f a current [4]. 

It is never possible by means of acids to effect the quantitative solu¬ 
tion from metal sheets of the radio-elements or of their oxides, which are 
allays present wiien the sheets are exposed to air. This is due to the 
o'urrenee of diffusion of the radio-elements from the surface 1 to the 
aide of the metal. When this diffusion takes place very slowly, as 
fith jxionium on gold, it is possible to effect fairly complete solution 
d the radio-element from the sheet by means of acid (see p. 215), 

It should be emphasized that radium E, since it is isotopic with 
bismuth, can be obtained electrochemieally by the same methods as 
apply to the C-products, and that radium A and its isotope polom urn 
still more readily deposited, even at a cathode potential of E e = 0*35; 

In this case we can increase the degree of purity of the radium A i 
Cf polonium by adding a salt of bismuth, when the deposition of 
ftdium C or radium E along with the radium A or polonium is rendered 
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impossible. If it is necessary to separate radium E and polonium fr.., 
radio-lead, it is advisable to add antimony, and to precipitate ^ 
pyrogallol in weakly acid solution; the radium E and polonium , 1 ? 
carried down with the antimony, and can then be separated fi utt j 
electrolytically in the presence of tartaric acid. 

In the electrochemical separation of polonium and radium E, rad i 
lead from minerals is not the only source from which, they may ] 
derived. We may also use the 'active deposit of long life’* wUi ■ 
formed when we allow radon to decay in a closed vessel. Had km [r 
then found on the walls of the vessel, and can be removed by solutw 
in acids. Radium E and radium F (polonium) are generated eontini 
ously in this solution, and owing to their greater concentration thevi* 
be obtained more conveniently from it by one of the ahove-desmbi 
electrochemical processes than from radio-lead, which is soluble 
in larger quantities of liquid. The best method of proceeding h tb 
to make the solution i N with hydrochloric acid and to move about i 
it a small clean sheet of silver, which effects practically a quanthtii 
separation of the polonium. The solution is then evaporated to divan 
taken up with a 0-2 per cent, solution of hydrochloric acid, and tl 
RaE is deposited on a small clean sheet of nickel. Finally, if we n 
to electrolyse out also the radium D, say for the purpose of its purify 
tion, it is advisable to separate it anodically as lead peroxide, which 
readily accomplished in a 7 per cent, solution of nitric acid with a euiw 
density of about 3xl0 -4 amp. per sq. cm., using platinum electrode 
It may be mentioned that the device of depositing the radio-elemtj 
anodically as peroxide is often suitable also for the purification 
polonium. 

For radio-elements to which they can he applied the electrochemit 
methods of separation are generally preferable to all others, mm 
because in this way the substances are obtained in a state of chemii 
as well as of radiochemical purity. Unfortunately they can only |i 
contemplated for those radio-elements which are to some extent elect! 
chemically noble, and hence especially for the isotopes of lead, bismsl 
and polonium. In the preparation of very strong polonium sources % 
electrochemically separated polonium, deposited preferably onrotati 
electrodes [5], is later concentrated by a process of volatilization tt 
condensation on a smaller surface. 

Short-lived thorium isotopes like uranium X 1? radiothorium, U 
others can he deposited electrochemically on platinum wires froai 
hydrochloric acid solution, with a yield of about 60 per cent. 

Another very elegant method of separation is based on the utitatf 
of the phenomenon of 'radioactive recoil 5 (see Chap. VI), but its rart 
of applicability is still more restricted. We may with advantage obM 
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..^thallium isotopes thorium C" and actinium C”, when the particles of 
iun'substances recoil in air from a metal plate coated with the active 
by collecting them on a negatively charged metal place placed 
, »',|x«aite to the activated, metal plate. W e may also derive pure 
liim B in this way by recoil from radium A, but in this case we must 
vrminate the experiment after the lapse of a few seconds, for otherwise 
:: e radium B collected will be mixed with radium C that has been 

generated from it. 

In conclusion, we must deal with those methods of preparing and 
panting short-lived radio-elements which are most generally appii- 
■ihle. the chemical methods. We have accurate information* on the 
nemieal nature of all the radio-elements of short life. We know that 
ae are dealing with different kinds of thallium, lead, bismuth, and 
Curium—'these are the products A to G; further, that thorium X and 
Minium X are isotopes of radium, whereas uranium X 1? uranium Y, 
srd radioactinium are isotopes of thorium, and that mesothorium 2 
t identical chemically with actinium, and uranium X 2 with proto- 
minium. Hence the analytical chemistry of these substances can 
-lily afford difficulty inasmuch as they are always present only in 
s-sceedingly small concentration. This will be clear if we recall that 
i 3 ordinary radiochemical work a content of 10“ n mol of thorium B 
rer litre would be pronounced a fairly 'strong 5 solution. An artifice 
which must always be successful in overcoming the difficulties attendant 
ipn the extreme dilution of these substances consists in the addition 
"f weighable quantities of an isotope. Thus, if we wish to remove 
thorium B quantitatively from a solution, it suffices to add a little lead 
nitrate and precipitate the entire lead by means of sulphuretted hydro¬ 
gen, All the atoms of the mixed element lead so obtained, and consisting 
d ordinary lead and thorium B, are chemically identical, so that by 
pacing sulphuretted hydrogen through the solution the thorium B 
sm be removed to the same high degree as the lead in the form of 
[radically insoluble lead sulphide. 

A disadvantage of this method consists in the fact that once such 
riling has taken place the process is practically irreversible, and hence 
Ae radio-element can never again be obtained in concentrated form. 
For this reason we should only revert to this method of adding an iso¬ 
tope when we are concerned with the quantitative removal and not 
rith the preparation of a radio-element. In the latter case it is always 
advisable not to use an isotope but to have recourse to a related element 
44 a ^rrier in the precipitation reaction. This is analogous to the addi¬ 
tion of barium in the extraction of radium or mesothorium already 
ferossed, for in this w r ay we can effect a separation from the more 
distant chemical elements, and still finally bring about the separation 
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of the radio-element from the added, barium. Similarly. it is often betv, 
to precipitate, say, radium E by the admixture of lead rather than j 
bismuth, for then it can easily be separated again by electrocher, -4 
means (see above). Likewise we should make use of zirconium or eernci 
rather than thorium for the separation of uranium X l5 and so m. 

When a related element and not an isotope is used, we can no hny, 
maintain that the radio-element must also be removed by every quai.’., 
tative precipitation of this substance. Lead sulphate, for inuar. e 
would leave radium E in solution, whereas lead sulphide would retr-. t 
it quantitatively. In such cases the adsorption and precipitation rvi 
which we have already discussed is applicable (see p. 163 et seq.i. I 
radio-element will be adsorbed and precipitated by those deposits ta 
anions of which form with the radio-element concerned a compo®! 
which has a low solubility in the solvent used. In the place of thekttq, 
we should thus be able to use any other element for mixing purp^ 
so long as it forms, like the radio-element, an insoluble precipitin 
with the anion in the solution. Instead of the hydroxide preeipitatM 
of the thorium isotopes we may utilize the hydroxide precipitant 
of iron salts, or in place of the sulphate precipitation of the lead w 
topes we may use the sulphate precipitation of barium salts, and so 1.5 
It is not necessary for us to do more than to direct attention tottet 
rules here, since they have done invaluable service in the entire laq 
domain of the analytical chemistry of the radio-elements, in spite of 
few exceptions that have not yet been fully explained. Our knowledj 
of these rules enables us to give a clear summary of the methods i 
separation of the radio-elements of short life which have been testa 
hitherto, and to predict neu T and suitable methods. It must he left toil 
analytical experience of the chemist to decide which individual prowl 
is to he reco mm ended, in accordance with the special problem on hanj 

REFERENCES 

For further information on the topics of this chapter reference should b.' rs4 
to he Radium et les Radio-elements, hy Maubice Cubie (Bailliere, Park 1W 
where the development of the radium industry up to 1925 is fully treatnL 1 
Radium uni Isotope, hy 0. Erbacheb (Gmelin’s Handbuch der Anorgan. ( 

8th edn., Berlin, 1928), and to the books mentioned at the end of Chap. \ 
(p. 153). 

1. Spence, H. S„ Canadian Dept, of Mines, Investigations in Mineral R>#*>n 

and the Mining Industry, Sect. Ill, pp. 55-92 (1931); Canadian Mtm* 
Nov. (1932); Rose, J. L., and Sieanathan, R. K.,Phys. Rev.50, 

2. Eattinger, F-, Oesterr. Chemiker-Zeitung, 40, 11 (1937). 

3. Graue, G., and Kading, K., Naturwiss. 22, 386 (1934); Zeitpml 

Chem. B, 47, 650 (1934). 

4. Erbacher. 0., Naturwiss. 20, 390 (1932). 

5. Pegram, B., and Dunning, J. R., Phys. Rev. 47, 325 (1935). 



( 221 ) 
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the properties of the individual radio-elements 

I* this chapter we shall discuss the individual radio-elements in the 
,j,jer of their production from the parent substances uranium, proto- 
tinium. and thorium, and in each ease we shall give the most iin- 
., vr tant data which serve to characterize that radio-element from the 
Apical and chemical points of view. It will suffice if we are brief 
:w. because in the preceding and more general chapters we have also 
nequently made reference to the special properties of the radio-elements. 
Pius we shall only deal with the methods of preparation in so far as in 

* case or another the systematic treatment given in Chapter NXII 
quires to be supplemented from the practical viewpoint. In eonclu- 
.nn. we shall devote some space to the radioactive elements potassium, 
nbidium, and samarium, which stand in an isolated position as com¬ 
pare! with the rest of the radio-elements, and which have not yet been 

* thoroughly investigated as these. 

The significance of the symbols used is as follows: Z = atomic 
.lumber: A.W. = atomic weight; C.W. = combining weight; T — half- 
vilue period!; B = range in cm. in air at 760 mm. pressure and 1.5 C.: 
. = coefficient of absorption in aluminium, measured in cm. -1 

A. The Ueakihm Series 

1. Uranium 

Uranium is a mixture of three isotopes, uranium I ( 238 U). uranium II 
®Uc and 235 U, which is probably identical with actino-uranium, the 
parent of the actinium series [1] (see also p. 230). The period of 
cranium II being so much shorter than that of uranium I. the mixed 
Ament 'uranium 1 contains only 0-008 per cent, of uranium II. and 
ws than 1 per cent, of the isotope 2S5 U. The rate of decay of 33, L 
not exactly known, but it is probably about 6 times that ot 
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uranium I. We shall not deal with the chemical properties of urari j 
here, as they are to he found in every text-hook of chemistry. I nrv j 
active investigations we generally use the grey-black oxide* of uraih 
r 3 0 s or the yellowish fluorescent uranyl nitrate U0 2 (N0 3 ) 2 -fiH,fi - 
former as a standard for a-ray measurements, and the latter };"* •* 
preparation of uranium X. For information as to the oeeurrer. *' 
uranium minerals see Table 52, p. 273, and on methods of extrauj 
radium from them see p. 207 et seq. 

The od-activity of uranium in equilibrium with all its disintegrati 
products is 4-73 times as large as that of uranium alone. The ?,j 
cc-radiation from 1 gm. of uranium in the form of an infinit ely :• 
layer, and utilizing both sides of the layer, would maintain in anionii 
tion chamber a current of 1-37 e.s.u., or 4-56 X 10~ 10 amp. A laver 
U 3 0 8 of area 1 cm. 2 , if only the radiation from one side of it be tai 
into account, would maintain in an ionization chamber a current 
1-73X10 -3 e.s.u., or 5-76X 10 -13 amp. 

2. Uranium X 1 and Uranium X 2 

Uranium X x is an isotope of thorium (see Table 38, p. 152); it | 
therefore he most conveniently separated from solutions of urarni 
salts by precipitation with iron or zirconium hydroxide (see also p. 22 



Uranium X 1 

Uranium 

z . 

90 (= thorium) 

91 (== protoactinium i 

AAV. . 

234 

234 

T . 

24-5 days 

1-14 minutes 

Radiation 

|3 

P>Y 

/i . . 

460 

? 1 r 

18 o-u 

Parent element 

W 

rx, 

Daughter element . 

ux 2 

1 


Uranium X 2 , an isotope of protoactinium, is obtained from soluta 
of uranium X x by electrolysis or by joint precipitation with tanul 
oxide. 

3. Uranium Y and Uranium Z 

The genesis of these two products, both of which are found in urani 
salts, is not yet perfectly clear. Uranium Y (T — 24-6 hours) is! 
isotope of thorium, and uranium Z (T = 6-7 horns) an isotope 
protoactinium. Both are /3-rayers (p. CY = c. 54 and 600, y. vl - (■ If 
and it follows from the smallness of their contribution to the M 
activity of uranium salts that they cannot occupy a place in the a 
disintegration series. Uranium Y is most probably a disintegni 
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; miuet of the uranium isotope 235 U and the parent of protoactinium, 
iai hence of the actinium series (cf. Table 34, p. 143). On the other 
jijK'l. uranium Z has hitherto been regarded as a daughter element of 
•if dual 3-disintegration of uranium X lt hut it is just possible that it 
w v be a decay product of a uranium isotope other than a3S U (see 
: 142). On the former view the beginning of the uranium-radium 
^integration series would he represented schematically in the foliowimr 
tjv: 


Uranium I 


. r 

Uranium 



r 

Ionium 

I a 


4. Ionium and Radium 

Ionium, an isotope of thorium, has not yet been prepared in the pure 
•rite: a thorium preparation relatively rich in ionium (re its origin, see 
P lol) was found to contain 30 per cent, of ionium, and yielded a 
1 Cabining weight of 231*31 (A.W. of ionium — 230. C.W. of thorium — 

23M2J. 


Ionium Radium 


Z . . . 1 

90 (= thorium) 

8S 

A.W. . 

230 

226-U5 

T . 

8*3 x 10 1 years 

1,590 years 

Radiation 

CSC 

* (?) <y> 

R , . . j 

3*2 

3*39 

Parent element 

Uu 

Io 

Daughter element . 1 

Ra 

Ru 


Be have already described the processes used in the preparation of : 
radium. It is generally brought into the market in the form of the| 
iionde or bromide, mixed with the corresponding salt of barium. Due 5 
d tie international radium standards is kept in Paris and consists ot 
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22-23 mg. of anhydrous RaCl a ; the other is kept in the Vienna Rai< - 
Institute and contains 30-75 mg. of anhydrous RaC'L,. Both stands! 
were prepared in 1934 by Honigschmid, and are" composed tf-. 
purest RaCl 2 , free from every trace of barium. The price of raiiiij 
preparations is determined by their content of the element radaj 
When the extraction of radium was limited to the small product!* | 
St. Joachimstal, the price of 1 mg. radium was between £20 andli* 
Moreover, this price was not greatly altered in consequence of the mj 
extensive production of the element in America, But with the dia-ovei 
of the large mineral sources in the Belgian Congo and in Canada 
Bear Lake), a marked diminution of the price has been effected. . 
the present time the price of radium is less than £5 per milligram, 
Since radium, in spite of its rarity, has already been produce! 
quantities of several hundreds of grammes (see p. 211), it is no lonjej 
difficult matter to determine the properties of this element bv ti 
methods usually used in chemistry and in physics. The evidta 
adduced from its spectrum and from the solubility of its salts, tt 
all showed it to be a higher homologue of barium. Thus the solubili 
of its sulphate is smaller than that of any of the other sulphates ufj 
alkalin e earths, as is shown in Table 46. 

Table 46 

Solubility of the, Sulphates of the Alkaline Earths 

Solubility at 25° C. in per cent, by weight 
(gm. of the sulphate in 100 gm. of the solution) 

CaS0 4 2-lxlO-i 

SrS0 4 1-oXlO" 2 

BaS0 4 2-3 X10“ 4 

RaS0 4 2*1 xlO- 6 

Table 47 gives tke solubilities of the bromides, chlorides , and nitri 
of barium and radium. 

Table 47 j 

Solubility of Barium and of Radium Salts : 

(at 20° O., in per cent, by weight) j 

Barium Radium 

Bromide 51 ! 41*4 

Chloride 26*3 j 19*7 

!Nitrate 7*9 i 12*2 


It is very surprising that the solubility of radium nitrate is gwt 
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-tin that of barium nitrate, and that in spite of this the radium 
concentrated in the barium salt deposited when the mixed 
writes are subjected to fractional crystallization, just as in the ease 
v r j t mixed bromides or chlorides. 

* Radium compounds decompose in the course of time under the act inn 
if their radiations; thus radium chloride gives off chlorine, and is 
iiridllv converted into the chlorate and the oxide. 
f,, r th e most part the salts of radium are available in quantities of 
by a few milligrams, and mixed with barium, so that it is most eon- 
P 4ent to determine them quantitatively by the measurement of their 
activity. In contrast to the method of weighing, the degree of 
htvof the radium salt is without- significance in estimations by this 
v:imL We must compare the unknown preparation with a radium 
^ of known radium content winch has been standardized directly or 
:«iiiw*tly by means of the International Standards. When the intensity 
7 ' t he y-rays is used as the basis of the measurement, the method has a 
inker advantage in that the preparation can remain in a sealed-off 
tube, w'hich is the usual mode of packing, j Very weak prepara- 
>.ns must he brought into solution, and the most accurate met hex! of 
-nniating them is by the measurement of their radon content. In this 
when the radon is in equilibrium with the amount of radium 
s^nt. it is driven into an electroscope that has been previously 
chrated by known quantities of radon. 

With the aid of this extremely sensitive method quantities of radium 
r -mall as lfr 13 gm. can be measured accurately to within a few per 
'-lit, and hence it has been possible to establish the presence of traces 
; radium in all minerals. For further information see Chapter XXV 
; 274). 

A weak ^-radiation from radium is also mentioned in the table 
'1'lPf. This does not originate in the nucleus, otherwise an isotoj&e 
7 imniuin would be detectable as a disintegration product. It is of 
-•omlary origin, being released from the K- and L -levels by y-rays 
i' p, 102). The value of the absorption coefficient is g = 312 cm*™ 1 
key-radiation proper to radium only amounts to approximately 1 ]**r 
eu of the total y-radiation emitted by a radium preparation which 
> m equilibrium with its disintegration products. The ^-activity oi 
exclusive of that of its disintegration products, is 0*ol> times 
oaetivity of uranium, which of course always contains the two 
i ravers U x and U n (in this connexion cf. p. 29). 

v It \m been suggested that the unit of measurement for such y-my ineasiin’ineuts. 
** called an *eve\ This is the ionization produced per set*, in l r*,c. of air at 
X I ? the y-rays from 1 gram of radium at a distance of 1 cm. (Cf. the unit oi 
! n p. 57.) 
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PROPERTIES OF THE RADIO-ELEMENTS 

5. Radon (Radium Emanation) 

Radon is the heaviest of the rare gases, and because of itsimh j 
to enter into chemical reactions, and from the nature of its 
it was possible at an early stage to allot it a corresponding place h j 
periodic classification. Later on it was obtained in sufficiently hi 
quantities for the determination also of other of its constant/ 
boiling-point has the value —62° C., its freezing-point —71'- C.. aiyi 
critical temperature +105° C. At room temperature, radon is Lt 
buted in the proportion of 1:3 between water and an equal volume 



Rado?i (Rn) 

z . 

86 

AJW. 

222 

T . 

3-825 days 

Badiation 

a 

JR . 

4-12 

Parent element . 1 

Ra 

Daughter element 

RaA 


air in a closed vessel, so that its distribution coefficient a has the n 
0-3. With increase in temperature the solubility decreases in >1 
accordance with Henry’s law, as shown in Table 48. The solubi 

Table 48 

Distribution of Badon between Water and Air 


Temperature 
in °C. 

Distribution coefficient 
(a) between water and air 

0 

0-510 

10 

0-350 

20 

0-255 

30 

0-200 

40 

0-160 

50 

0-140 

60 

0-127 

70 

0-118 

80 

0-112 

90 

0-109 

100 

0-107 


is also reduced by tbe addition of salts to the water; thus for uni-9 
salt solutions at 18° C. the value of a. is about 0-16. The distribl 
coefficient between blood and air amounts to 0-42 at body tempera 
Tbe human skin is somewhat permeable to radon, but the radon a 
enters the system during radium baths does so primarily by wav 4 
lungs [3]. _ j 

Organic liquids dissolve very much more radon than water; 1M 
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vne;t = 63, petroleum ot = 10, hexane a = 17, olive oil * = 28, 
on. The coefficient of diffusion of radon in water at 14“C. 
"Cunts to 0*S2 cm. 2 day- 1 . Also solid todies like rubber, paraffin wax, 
'Utinuin black, and especially charcoal adsorb radon very strongly. 
T Vl j er certain circumstances radium preparations occlude an appre- 
Cle fraction of the radon produced in them. Such salts which emanate 
Civ can be improved by moistening, pulverizing, or by converting 
*into the hydroxide or halide. Solid radium salts emanate much 
* , r e strongly when they are deposited on carrier substances with a 
ire guI faee area. In this way it has been possible, by binding radium 
irVnate to iron hydroxide, to prepare sources of radon, the emanating 
vuer of which remained for years at over 90 per cent., a fact which 
, vert welcome for various practical applications. 

The volume of radon in equilibrium with 1 gm. of radium is 0*65 nun. 3 
- fiM 10~ 6 gm.). This quantity of radon is called 1 'curie"; both it 
the thousandth part of it ( c milli-curie 5 ) are used as units of measure- 
for quantities of radon. For concentrations of radon the unit of 
retirement adopted is called 1 ‘maehe 5 ; thus spring-water has a 
Tulm concentration of 1 maehe when the quantity of radon in 1 litre 
f this water would produce a saturation current of 1 x 10 ~ 3 elect ro- 
.tatic units, if it were transferred to an electroscope and if its radiation 
r; ill directions were utilized. One maehe unit is equal to 3-6 \ Hr 10 
jriw per litre.| The radon content of strongly radioactive springs 
;>n amounts to several thousand maehe units. Examples of this are 
ntained in Table 49. Values for the radium content of sea- and river- 
uters are given on p. 215. 


Table 49 

Radon Content of Several Springs, expressed in J lache l nits 


hiema .... c. 3,000 Ischia (Old Roman Spring) . 

niital «Water in Mine) . 2,050 Gastein (Reissaeher Stulm) . 

inch l Wet tin Spring) . 2,000 Aix-les-Bains {Alum Spring) . 

Hiatal |Spring Head) . 600 Carlsbad (MuMbrunnen) 


9, The Short-lived Active Deposit of Radium (RaA, RaR. Rab, 

M:\ RaC") 

The first five disintegration products of the gas radon are isotopes of 
the metals polonium, lead, bismuth, or thallium, and since they are 
* fok they have the tendency to be deposited as soon as they are 
produced. Moreover, with the exception of a very small fraction t ie\ 

* In 1921 a new unit was suggested for the measurement of concent rat ions of radon. 
i muT = 1 x 1CT 10 curies per litre. 
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Parent element . 
Daughter element 


RaA 

RaB 

RaC ; 

RaC' 

84 

82 | 

83 ! 

84 

(= polo¬ 

(= 

lead) 

(= bis- ! 

(== polo¬ 

nium) 



muth) 

nium) 

218 

214 

214 

214 

3*05 min. 

26-8 min. 

19-7 min. 

10~ 6 see. 

a 

P>Y 

a, y 

a 

4*72 



a 

6*98 




4*1 



P 

y 

P | Y 



890 

230 

50 0-23 ; 



77 

40 

13 1 0-127| 



13 

0-57 
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Rn 

RaA 

R&B 

RaC 

RaB 

RaC 

99-96% RaC' 

RaD 




0-04% RaC" 
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Unveil to decay (cf. pp. 137 and 218); its electrochemical properties 
respond exactly to those of ordinary lead. 

Radium E is an isotope of bismuth. In view of its short jieriod of 
life.it would appear to be impossible to obtain it in visible quantities. 
Absorption coefficients of 7*4 and 0-85 emu 1 have been found for the 
Ration from radium Em copper. RaE has been produced artificially 


Sv bombarding bismuth with 5x 10 6 e.Y. deuterons [4]. 



RaD 

RaE 

RaF 

z . 

82 ( = lead) 

83 (= bismuth) $4 ( 

= polonium i 

uv. 

210 

210 

21m 

r 

22 years 

5*0 days 

140 days 

Filiation . 

ft 7 

ft 7 

,x 

3*n7 


y 

Y 



5,500 1*17 

43 0*24 


element . 

RaC' 

RaD 

RaE 

Iwtthter element 

RaE 

RaF 

Ba« x 


Radium F, or polonium, is the most important representative of the 
dement of atomic number 84; the other types of this element, the 
A’* and 'C' ’-products, are still less stable. The y-rays emitted by 
RaF are of very feeble intensity; 7 y-quanta are emitted for every h& 
if articles. The average energy of these quanta amounts to h* 3 
r V. The chemical properties of this otherwise unknown element have 
to be studied with RaF, and in part are already very well known. It 
resembles very strongly its atomic analogues bismuth and tellurium, 
& is shown by the whole of its behaviour in analytical chemistry, by 
ns electrochemical potential, winch lies near to that of silver, and by 
us ability to form a gaseous compound with hydrogen. Like tellurium 
Hydride, polonium hydride decomposes in the moist state in a tew 
minutes. As already" mentioned on p. 165, polonium occurs in the 
wlloidal state in neutral or in weakly acid solutions. 

R. The Actinium Series 

1. Protoactinium and Actinium 



Protoactinium 

Actinium 

Z . 

91 

89 

T . 

3*2 x 10 4 years 

c. 13 wars 

Radiation 

a 

/* 

M . 

3*67 


p . 


unknown 

Parent element 

UY (?) 

Pa 

Daughter element . 

Ac 

RdAe 


h will be seen from the above table that uranium A is presumed 
te the parent of protoactinium; this is due to the fact that this ai range- 
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meat fits in well with the displacement laws and withi t he quantity, 
relations known for the actinium senes (see Chap. XIII), but it lw.-• 
vet been possible to obtain direct proof of the genetic connexion bet»« r . 
TV and Pa The actinium series is present in a constant proportion in 
uranium minerals, and is responsible for 4 per cent, of the total aetivh, 
Tn eorlv <molo«ical times the proportion must have been much larger, 
- eonseauence of the relatively more rapid decay of actmo-uianuy 
“ssri the parent of the actinium series. This parent element would tl* fl 
be a more prominent constituent in the mixed element uranium this 
it is to day when its relative abundance is estimated to be less than I 
uer cent and its rate of disintegration about 6 times that of uranium I 
The chemical properties of protoactinium are such as would h 
exneeted of a higher homologue of tantalum (see p. 212) The separ* 
tion of protoaetinium from tantalum is based on the fact that ti, 
basicity of Pa,0 3 is stronger than that of Ta 2 0 5 , and is not much differ 
ent from that of hafnium and zirconium. By making use of thi 
1 nal vtico -chemical difference it has not only been possible to spun 
nrotoactinium from the accompanying tantalum, by precipitating tfa 
protoaetinium along with zirconium phosphate, but also to prepa? 

a few decigrams in the chemically pure state. 

Xcthiium is a higher homologue of lanthanum, and smce it n a ki 
element it would be interesting if it could be prepared m the 1 ® 
state Hitherto this has not been possible, and owing to the short LI 
of the element it is doubtful whether weighable qualities will i) 

obtainable. 

2. Radioactinium, Actinium X, and Actinium Emanatio 

(Actinon)__ 

-^•,4. aa t AcEmiAr. 



RdAc 

AcX 

7 

90 (— thorium) 

88 (= radium) 

/j , 

T . 

18-9 days 

11-2 days 

Radiation 


a 

R . 

4-68 (a) 

4*37 

p. , 

y 

175 25 

0-19 

RdAc 

An 

Parent element 

Ac 

Daughter element 

AcX 


Special attention is merited by one rather striking feature e n®a 
in the above table. AcX emits a-rays of smaller average vel« tj * 
RdAc, which has a longer period of life. This constitutes a breach oli 
general rule relating to the connexion between peri° 0 , j 

(p. 146). As with the j3-rays from Ra and RdTh, those 
RdAc may be assumed to be of secondary origin. 
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For the chemical separation of EdAc from Ac and simultaneously from 
5 utilize the fact that thorium is readily precipitated in weakly 
1( solution by means of thiosulphate or hydrogen peroxide. In order 
v obtain a visible deposit we may add a trace of a thorium salt, or, still 
dter. of a salt of the non-isotopic element zirconium (ef. p. 219 et seep) 
^tbre the precipitation. In this way we obtain AcX together with Ac 
iS the filtrate, and it may be freed from Ac by repeated precipitation 
dth ammonia, remembering of course that we must add a little iron 
r similar element before each precipitation with ammonia, in order to 
■brain a deposit the anions (OH'-groups) of which then act as earners 
• ( . r the Ac (cf. the rule on p. 220). We may obtain AcX in a very pure 
; r m by means of recoil from solid preparations of RdAc (cf. p. 218). 

Like radon, actinon is an inert rare gas, the physical constants of 
*hieh (coefficient of diffusion, solubility, etc.) have not been determined 
rith any great accuracy, owing to its extremely short period of life 
lad the correspondingly small quantities of it available. In view of the 
Knopy of the two emanations, however, we may assume with confidence 
;hat the properties of An are identical with those of Rn. 


I The Active Deposit of Actinium (AcA, AcB, AcC, AcC'. AeCh 


AcA 

AcB 

AcC 

AcC' 

AcC 


84 

82 

83 

84 

81 


(= polo- 

(= 

lead) 

(— bis- 

(= polo- 

('= tha 


niinrt) 



muth) 

nioni) 

liumi 


2 x 10 -3 sec. 

36*0 min. 

2*16 min. 

5 X 10“ 3 sec. 

4-76 mi 

dilation . . ! 

a 

fty 

* 

a 

?.y 


6-58 

/» 

v 

5*5 (a) 

6*0 

3 ” ’ 



large 

120 



44 5 ' O* 




31 

i 






0*451 




w.t element . 

An 

! AcA i 

AcB 

AcC 

AcC 

xAter element 

AcB 

| AcC 1 

0-16% AcC' 

AcD ft t 

A-D 


: 99*S4° 0 AcC" 


A comparison with the table on p. 228 reveals immediately the great 
similarity, as regards their sequence and radiation, between the indi¬ 
vidual members of the active deposit of actinium and the corresponding 
members of the short-lived active deposit of radium. Apart from the 
different numerical values of T, R, and fx } the following important 
differences exist. In the first place, with AcC the majority of the atoms 
disintegrate with emission of a-radiation into AcC A whereas in the ease 
d RaC practically all the atoms are transformed into Rat" with emis** 
ision of ,3-ravs; in the second, AcD is already the stable end-product <j| 
tk actinium series, wiiereas RaD, although it is much more s ^ } i| 
the previous members of the series, still possesses the character of 
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a radio-element, and is the first member of the 6 long-lived ai-tir* 
deposit 3 of radium, which has no analogue in the actinium series. 


C. The Thorium Series 


1. Thorium, Mesothorium 1, and Mesothorium 2 



Th 

MsTh x 

MsTh 

z . . 

90 

88 ( = radium) 

i S9 ( = acti: 

A.W. (and C.W.) 

232-12 

228 

| 22* 

T . ■ • 

1-34 x 10 10 years [5] 

6*7 years 

6*13 h- 

Radiation . 

OL 

03) 

3, y 

R . i 

P 

2-59 [6] 

! 


8 

40-20 ; 

Parent element . 

1 

Th 

MsTh 

Daughter element 

MsThi 

MsTh 2 

RdTl 


The element thorium is the parent of a radioactive series which 
completely independent of the uranium-radium and the actinium <ii 
integration series. This is evidenced by the fact that the contribute >| 
of the two series towards the activity of various minerals fluent 
between very wide limits. Thus we are familiar with uranium miner;* 
that are practically free from thorium and its decay products, m 
conversely, there are thorium minerals wdiich contain very little ur. 
r>i nm and hence also very small quantities of ionium and radium. I) 
chief source of thorium is monazite sand, which contains up to h p 
cent. Th0 9 . A few rare minerals are much richer in thorium, such 
the thoriaiiite found in Ceylon, which may contain over 50 per ttl 
Th0 2 . A resume of the composition and properties of the most imp! 
tant thorium minerals is given in Table 52 on p. 273. The separata 
of thori um from the other rare earths is not a simple matter, h 
information on the preparation of pure thorium is contained in ehemii 
text-books. In radioactive investigations thorium is generally user! 
the form of nitrate or hydroxide. The nitrate is used when we reuui 
a soluble salt for the purpose of separating out ThX, and the hydroxj 
for the collection of thoron, owing to the fact that it “ emanates free) 
We have already spoken (Chap. XXII, p. 212) about the preparatj 
of mesothorium, and of the impossibility of obtaining it completely 
from radium. We can determine the approximate radium content; 
mesothorium preparations on the market without opening them. : 
carrying out absorption measurements of the y-rays for various til 
nesses of the absorbing metal sheets (see p. 55). More reliable val| 
are obtained by determining the amount of radon produced in ttol 
We are unable to detect the rays emitted by mesothorium 1, but ixf 
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”Ti 

^ fact that the succeeding product mesothorium 2 has an atomic 
•in" tier S9. we must conclude that eac-h atom of the former lu-e- a 
T.ride when it is transformed into an atom of the latter. The 
t tiritv is due exclusively to the radiation from the disintegration 
■ rdaets. especially that of mesothorium 2, which, owinc to its short 
. J-vaiue period, is present practically in its equilibrium amount even 
1-hra period of 3 days. An appreciable quantity of radiothorium will 
, ,, resent in older preparations of mesothorium, sinc-e the half-value 



Fi'*.4S. Variation of the y- Activity of Mesothorium Preparations with Turn 1 . 

irrkd of RdTh is only 1-9 years. In consequence of this we have to 
'ike account of the likewise very penetrating y-radiation from Thl'k 
tv is indicates the manner in which the resulting total activity of a 
mesothorium preparation 5 alters in the course of years.t 
Curve a was obtained with freshly prepared mesothorium free from 
’ ilium, whilst curve b was obtained with a new preparation of meso- 
uOirium containing radium (cf. footnote on p. 55). In these measure- 
the rays were passed through lead filters of thickness 3*3 mm, 
in both cases the maximum intensity of the radiation was attained 
liter a period of about 3 years, but the increase was greater for the 
: ■‘.ration free from radium than for that containing radium. In the 
: finer ease the activity rose from 100 to 143*8. or by about 44 per cent 
whereas in the latter case it rose from 100 to 135. or by 35 per cent. 
If the measurements had been carried out with lead filters 5 mm. 
•I'toid of 3*3 mm. thick, the form of the curves would have been 
-essentially the same, hut the rise would have been slightly more pro- 
Qitmeed for the mesothorium containing radium, owing to the tart 
‘Udt the y-radiation from radium relative to that from mesothorium is 
s’fflewhat less effective after passing through 5 mm. of lead than after 
losing through 3 mm. 

Tie amount of MsTh available by weight is always extremely small. 

* the hardnesses of the /-radiations from MsTh. and ThC r are different, tha 
proportions of the two radiations also depend somewhat on the choice oi tat 
cfttmtiis used for the measurements (thickness of the absorbing layers ). 
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for 2-7 X 10® gm. thorium are required to produce an equilibrium amouj 
of l~gm. MsTlq. On the other hand, the y-activity of 1 gm. radiun- 
equivalent to that- of about gm. mesothorium, and hence to r) 
quantity in equilibrium with about 5x 10 6 gm. thorium. 

2. Radiothorium, Thorium X, and Thorium Emanation (Thorn 

i Ra'diothcrium ! 'Thorium X n . 


Z . - 

A.W. 

T . 

Kadiation . 

B ■ 

T 

Parent element . 
Daughter element 


90 (= thorium) 
228 

1*90 years 
a, ft 

4-02 (a) 

P 

420 

HsTh 2 

ThX 


88 (= radium) 86 ra ,|, f] 

224 

3-64 days 54-3 s*.*. 

a , i 

4*35 5*06 


RdTh ThX 

Tn TLA 


The /3-rays from RdTh do not originate in the nucleus, but are 
secondary origin (cf. p. 102), like those from Ra and RdAc. They i 
probably released from the L- and M -levels by a y-radiation which I 
not yet been detected directly. 

We have already mentioned the method of preparing radiothori 
in Chapter XXII. * ThX may he obtained periodically from a prep) 
tion of RdTh by precipitating this together with iron, aluminium, 
similar elements by means of ammonia, when the ThX remains in; 
filtrate (cf. the method described above for the preparation of 
isotope AcX). Radiothorium and thorium X are chiefly used as son) 
of thoron and of its short-lived disintegration products. It is adds) 
to maintain preparations that have been made for this purpose j 
manently in a moist condition, because then they allow the euiana! 
to escape much more readily. 

3. The Active Deposit of Thorium (ThA, ThB, ThC, ThC'. Th( 



ThA 

ThB 

ThC j 

ThC' 

z 

84 

82 

S3 1 

84 


(= polo- 

(= lead) 

(= bismuth) 

(= polo- 


nium) 



nium) 

A.W. 

216 

212 

212 

212 

T . 

0-14 sec. 

10*6 hours 

60*5 min. ; 

c. 10~ n see. 

Radiation , 

OL 

ft y 

a, P 

0L 

R . 

5-68 


4*78 (a) 

8-62 

/x 

i 

P y 

P 



j 

153 160 

14-4 ; 




32 

j 




0*36 



Parent element . 

Tn 

ThA 

ThB 

ThC 

Daughter element 

ThB 

ThC 

65% ThC' 

ThD 




35% ThC" 
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t omparisons of the accompanying table with that 

of actinium and until tliat for the short-lived active dejxoit 
Vndium (pp. -31 and 22S) reveal the great similarity between the*- 
;an5 of the three disintegration series. Characteristic of the thorium 
is the branching ratio of the C-product. In this ease ;• .mnirV.;*- 
..... ur.ts disintegrate with the emission of i- and of /3-rays, whereas 
»-th AeC’ almost the whole follows the o.-branch, and with RaC the 
a;:i in (iisintegration is attended by the emission of /3-rays. According n > 
-he displacement laws it is to be expected that the two branch series 
>iii lead to the same end-product, the lead-isotope ThD. and as a 
sitter of fact a type of lead with the atomic weight calculated fur ThD 
:.,ts been found in thorium minerals (cf. p. 151). It has not yet lieen 
-•tahlished whether both types of lead, produced in the prcqturtion 
t,v weight of 35: 65, are stable, or whether one of them is transformed 
j'm an isotope of bismuth with emission of /3-rays (cf. p. 144). 

Although the A-produet is of longer life than in the case of the 
wtinium series, it has likewise not yet been possible to separate it from 
de emanation. Both products reveal themselves in the fact that the 
simulations produced by the emanations are always observed to occur 
;n pirs. In the case of actinium (T AcA = 2>:10' 3 sec.) the two mem- 
of such a pair of scintillations appear simultaneously, whereas in 
the ease of thorium (T ThA = 0-14 sec.) a distinct interval between the 
two scintillations is recognized, albeit a short one. 

ThB and ThC are particularly suitable for use as indicators hi physical 
md in chemical investigations, and have often been used for this pur- 
i*ae (cf. Chap. XVIII). This is due to the fact that they are relatively 
stable and their half-value periods are so different that they can 
'■vnveniently he determined quantitatively, one along with the other. 

Tie active deposit of thorium also emits s-partic-les of ranges d-s 
wad 11-6 cm. For every* 10 6 a-particles of range S-62 cm. iThC'i there 
tre respective^ 65 and ISO of these particles of long range I cf. p. 27 ). 


D. Potassium, Rubidium, and Samarium 




Potassium 

Rubidium 

Smmrtum 

l 


. ! 19 

37 

62 

w. 


39*096 

85*48 

150*43 

IW. 


. : 39; 40f; 41 

85; 87 f 

144; 147; 14*:14H; 

T 


1-9x10® years 

5xl0 10 vears 

150i152; 154 
1-02 xlO 12 year* 

Halation . 

. 

* 1 P r ! 


| ,x 

4 * , 

it . 

: 

. : 75; 29 0-59 in 

lead 

700;140 

M5 em. 


* Radioactive isotope. The half-value periods given for potassium and rubidium are 
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From amongst the chemical elements that have been known 
long time it has been found by very careful measurements that tie 
are'three, apart from uranium and thorium, which emit a constant h 
very weak radiation. These are the elements potassium, rubidium, n 
samarium. There is some evidence also that neodymium emits 
Potassium and rubidium are 8-rayers, and although the rays eiuin 
b v potassium are the more penetrating, the number of 3-parti'; 
ejected from equal quantities by weight is markedly greater in the m 
of rubidium. Measurements with a tube counter have yielded fur i 
ratios of the numbers of /3-particles emitted in the same time by e,i 
amounts of potassium, rubidium, and uranium the values lilti:;* 
In this estimate account is taken of only one of the /braying conq 
nents resu ming from uranium, viz. UX r The limit of hardness | 
softer component of the ,8-radiation amounts to 400 xlO 3 e.V. 
potassium and to 100XlO 3 e.V. for rubidium, whereas the limit; 
hardness of the fast /3-rays from potassium is situated at 700 ,: b- 1 e 
and from rubidium at 250 X 10 s e.V. The y-radiation from potass 
is almost as hard as the hardest y-radiation emitted by radium (Ea 
but its intensity is extremely small. The ratio between the intends 
of the y-radiations from 1 gm. potassium and from RaC' (in « 
librium with 1 gm. radium) has the value 1:3 X10 10 . In the disintej 
tion of 100 atoms of potassium only three y-quanta are emitted.« 
with an energy of 2x 10 6 e.V. 

By means of experiments devised for the purpose it has been ,4i 
that the radioactivity of potassium and rubidium compounds is strj 
proportional to their respective potassium and rubidium contents, 
that the radiation has the same intensity at the temperature of lit 
air as at room temperature. There can be no doubt, therefore, that 
are here dealing with the phenomenon of radioactive disintegrate) 
is a str iking fact that, apart from samarium (see later), the elemi 
potassium and rubidium stand in an isolated position, for dll the u 
natural radio-elements belong to disintegration series consistinj 
many members. The discovery of artificial radioactivity, host) 
has thrown important light on this remarkable phenomenon; 

pp. 115 and 238). _ . 

In order to decide which of the isotopes of potassium is re»poa 
for the e missi on of /3-rays, a partial separation of the potassium isot| 
was undertaken, and both the combining weight and the actnitj o 
‘heavier 1 fraction obtained were compared with those o o 
potassium. The determination of the combining weight of t e ■ 

those of 40 K and 87 Rb; in the case of samarium the radioactive isotope a mi H 
and lienee the period given in the table is that which samarium ’won 
whole of the mixed element were radioactive. 
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; r<i ,tion revealed an increase in the concentration of 41 K of about 7 per 
r!it*« whereas tlie j3-acti\ft\ of tlie heox. y fraction was found to have 
rvaicd by only about 4 per cent, as compared with ordinary potas- 
•"ihl Xow for the same conditions of experiment the sain in the con- 
ratration of a potassium isotope can depend only on the difference in 
♦ ;1 e mass of that isotope from that of the isotope 39 K. From the fa c? 

* \it it is more difficult to increase the concentration of the radioactive 
.tape than it is to increase that of 41 K, it follows that the nm.>s of the 
m inactive isotope must differ by less than 2 units from that of m K, 
« that it must have the value 40. This conclusion is supported by the 
td^t that it has not been possible, either by the mass-spectruuraph or 
,r the basis of atomic-weight determinations, to detect the presence 
id calcium isotope of mass 41 in potassium minerals of src-at mvb J i 
a 1 . It is interesting to note that the presence of 40 K in ordinary potu>- 
-.uni has been established to the extent of about 1: 8,000 by means of a 
^ spectrograph of high resolving power [7], and that by use uf an 
>tnxment of high intensity it has also been possible to separate in 
minute amounts the three isotopes of potassium. Measurements of 
ditir activity show not only that 40 K is radioactive, hut that it is the 
i stupe responsible for the two known groups of /brays emitted by 
Wasdurn [8]. From the above-mentioned concentration of 4f3 K in the 
mixed element potassium, and the apparent half-value period of pota>- 
dum. l*5x 10 13 years, which' follows from the number of 3-particle* 
mitred annually by 1 gram of potassium, the half-value period uf 
urks out to be c. 2x 10 9 years. 

By analogy with potassium it seemed not unlikely that the radio- 
.i-tirity of rubidium would be due to an isotope of mass Sfj, present in 
quantities too small to be detected by the mass spectrograph, but this 
'lew is not substantiated by recent experimental work. Invest! j.ity - 
.irried out with a lithium mica from Manitoba, Canada, shoved that it 
■mtained 2-3 per cent, of rubidium and a slight amount of strontium. 
Ibe strontium was carefully extracted from about 1 kg. of this mineral 
vd about 250 mg. of strontium carbonate were obtained; calculation 
cheated that at least the major part of this strontium must have been 
pulueed in the mineral by the disintegration of rubidium. A careful 
-petrographic examination of the strontium preparation has 
4ovn that it consists a lm ost wholly (99*7 per cent.) of the strontium 
xtope 8 \Sr,f and the conclusion seems inevitable that the isotope of 
nbidium responsible for the radioactivity of this element is 8 *Rb [9]. 
froro this work it also appears that the value of the apparent half- 

’* ^rtiiixary strontium lias the following approximate composition, as determine*! bv 
'ipv-trograph: 10 per cent, of 8S Sr, 7 per cent, of 87 Sr, and S3 per cent, of iS Sr 
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value period of rubidium previously accepted (4-3 x 10 u years) i, t,, ; 
liioh, and that the true value lies nearer 2x 10 11 years. In vie* , 
the abundance of 87 Rb in ordinary rubidium (27 per cent.), the vai* 
of the half-value period of 87 Rb must be about 5 x 10 10 years. 

Until comparatively recently it was quite impossible to explain i, 
existence outside the radioactive disintegration series of elements vti | 
emit jS-ravs spontaneously [10], Rut that difficulty has been renn .vvt 
since the'discovery of artificial radioactivity. Substances that hr 
been rendered radioactive by artificial means mostly emit j3-rays, , 1;i 
usually have a relatively short period of life. For this reason 
that were rendered active in the distant past by the action of neutr4 
and other suitable agencies in the cosmos are no longer to be f.,ua 
to-day in terrestrial materials or in meteorites; even by the use of vi 
mass-'speetrograph. But in the case of potassium and rubidium, than 
to the longer"periods of life of 40 K and of S7 Rb, we are at the pnwt 
time able to detect measurable quantities of these isotopes. 

As a result of the transformation of 40 Iv the chief isotope of tah-iui 
40 C’a will he produced, just as the disintegration of S7 Rb results i 
the production of the isotope 87 Sr of strontium. This will be dear in 
recall that the emission of a j3-partiele increases the nuclear charge t 
unity, so that from potassium (Z = 19) the element calcium (Z = 2 
is produced, and from rubidium (Z — 37) the element stroma 
{Z = 38). On the basis of these results, it was to be expected that takiu 
would acc umula te in potassium minerals and strontium in rubidri 
minerals in the course of geological time. It is v orthy of note tlm 
so far as evidence is available on this point, it lends support tu t| 
conclusion that 40 Ca, at least in part (cf. p. 124), is the product read 
ing from the disintegration of potassium, and we have already 
that 87 Sr is the product of the disintegration of rubidium. 

Since the /3-radiation of rubidium is distinctly softer than that, 
potassium (see previous table), it would appear that an evert) 
/J-radiation from caesium might have escaped detection, in eonsequcS 
of its still greater softness and feeble intensity. It- can he assertal *i 
confidence, however, that the total ionization which might be produ > 
by caesium (inclusive of eventual a-rays) has a value less than. j, t) 
of rubidium, the corresponding total ionization in the case of »«iit 
being certainly less than jg that from potassium. . _ . 

Samarium is the only element outside the radioactive disintegrati 
series that emits a-rays [11]. These have a range of l'lo cm. at ■•>■ 
and 760 mm. Hg. One gram of samarium emits 88 ±5 vparTk 
per second, and is accordingly 270 times less active than one gh 
of uranium. The half-value period of samarium (1*02 X 10 12 years) g>j 
in the table has been calculated on the assumption that, in t e eo 
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i lisie. aE the atoms of samarium take part in the disintegration 
Presumably only one of the 7 known isotopes of samarium 
isits i-particles, but it is not yet known which one is responsible. 
In 1 'Filer to obtain the true halfwalue period of the radioactive tvpe uf 
sdsariinn. it trill be necessary to multiply the above half-value ‘period 
the concentration of the active component in the mixed element 

siniarium. 

REFERENCES 

particulars of the properties of the individual radio-elements will b> found in 
ld'th'itiit, by St. Meyer and E. Schweidler (Teubner, Leipzig 1927 \ and 
Pjiimtmte, by Mme Pierre Curie (Hermann & Co., Paris. 1935 ,, 

P r information on the practical aspects of the modem methods of iavasim- 
preference should be made in particular to St. Meyer, Handbud kt PhjNk 
-iar4 Sclieel), 2 nd ed., vol. sadi/1, p. 245 (Springer, Berlin, 1933;. 

: Dempster, A. J., Nature, 137, ISO (1935). 
i Ration, W. XL, and Wilkins, T. R, Bull Amer. Phjs. Soc., 11, 71 193*,;. 

1 Meyer, St., Strahlentherapie, 58 ,606 (1937). 

\ LinxGOOD, J. J., and Seaborg, G., Phys. Rev,, 50, 425 G93ti|. 

7 Koyarue, A. F., and Adams, N. L, Phys. Rev. (2), 50,99 (1936;. 

' Henderson, G. H., and Nickerson, J. L., Phys. Per., 36, 1344 (193o i: 
Kvrie.F. X.D., and Knopf, G . D ., Phys . J?ci-.,43,311 (1933i ; Hender-os,' 
G. H.. Mushkat, C. XI., and Crawford, D. P., Pm. Roy. ,5V. A, 158, 
199 (1937). 

’ X’ier. A. 0., Phys. Rev. 48, 2S3 (1935); Brewer, A, K.. Phys. Rt 48, rilo 
(1935). 

v SirriHE, W. R., and Heiimendinger, R., Phys. Rev., 51, ITS (1937,;. 

1 Hahn, 0„ Sthasshann, F., and Wailing, E., Naturwiss., 25,1S9; 1937; 
XIattauch, J., ibid. 25, 189 (1937). 

Hetesy, G., Naturwiss., 23, 5S3 (1935). 

.Jevesy, G., Pahx, M., and Hosemann, R., Zeit.f. Phys., 83, 43 ; 1933 ; 
Hosemann, R., ibid., 99, 405 (1935). 



(240) 


XXIV 

effects of the bays from radium 

The effects produced by the rays from radium may be groujied in •/> 
following way: 1. Photographic Action; 2. Ionization; 3. Excitation 
Luminescence; 4. Development of Heat; 5. Chemical Effects; >1 ( ; 
loido-chemical Effects; 7. Biological and Therapeutic Effects; 
nical Effects; 9. Atomic Disruption. 

1. Photographic Action 

We mentioned in the Introduction (p. 1) that the rays emitted I 
radioactive substances exert a similar action on a photographic tli 
to that produced by ordinary light; after development, the plated 
comes blackened where the rays have been incident. When radiua. fi 
research was in its infancy, and before the methods of measurer*! 
based on the ionization of air had been developed, the photograr i 
plate was the main instrument used in the study of the new phenomci 
and even to-day it is by far the most suitable piece of apparatus: 
certain experiments. Thus, in experiments on X-ray spectra it I 
been found that photography enables ns to v. ork in a much simpler i 
more exact manner than with ionization chambers, which were orq 
ally used. Likewise, the ‘spectra’ of (5-rays, obtained by deflexion; 
magnetic field, are best registered on a photographic plate (c-f. Fig. 
Plate I). It can also serve the purpose of enabling us accurately to i I 
the tracks of ^-particles. If we place the point of an activated no* 
in contact with a photographic plate and allow it to act for a short til 
we find on development a very tiny blackened patch on the pi 
which appears under the microscope as a number of resolved ru 
tracks, consisting of a series of silver grains. They are caused 1-;. 
a-rays which have traversed the outermost film of the plate at gru 
incidence. The rectilinear tracks of a-rays can also he detected in' 
way, as well as with the help of cloud-chamber photographs fei. tp 
and 32). Under favourable circumstances as many as 20 silver _ti 
may r be rendered capable of development by an ^-particle of * cm. rai 
so that the number of impacts with silver particles in the plate is 
This follows from the fact that it has been possible to show that et 
grain struck by an a-particle is capable of development, whereas i>4 
average 6 to 8 jS-particles are necessary to make a silver halide mi, 
capable of development. The blackening caused by a-rays t~l r , 
tional to the product of the intensity and the exposure time. *' t 
Bunsen and Roscoe’s relation can be applied to determine t e mten 



PLATE V 



Fig 49 (p. 241). Writing on a Photographic Plate by means of Rain 



(a) (&) W 

Fig. 51 (p. 259). Action of Radon on Shoots of Phciseolus 
[(a) Effect of a large quantity of radon; (b) Effect of a small quant; 1 '} 
of radon; (c) Control specimen, without radon.] 
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j./ ri e radiation from the degree of blackening produced. In mineralogy 
, 0 f t en useful to be able to establish the position of a radioactive 
elusion in a mineral; a photographic plate laid on a thin section of 

# mineral will reveal even the smallest active inclusion, provided the 
experiment be carried out over a sufficient length of time. In the chap¬ 
ter on ‘Radioactive Indicators 5 we have also mentioned an example 
Ip ns) in which the photographic plate is able to achieve more than 
tk ionization chamber. Nevertheless, the sensitiveness of the photo- 
^phic method, say for the weak /brays from radium, is distinctly 
waller than that of electroscopic measurements. 

gnee jJ- and y-rays are able to pass through solid substances, in a 
miner dependent on the density of these substances (see pp. 31* and 
SI), the possibility suggests itself of producing radiograms by means of 
ilium rays, similar to those produced by X-rays. They are, however, 
gttfc less suitable for this purpose. In the case of the /3-ravs the reason 
i to be found in the fact that, in consequence of marked scattering 
effects, the edges of the objects radiographed always appear blurred; 
5 Ht even if we deflect the /brays by means of strong magnetic fields, so 
tbit only the y-rays strike the photographic plate, the radiogram* 
Stained will still be worse from the photographic viewpoint than those 
Alined by X-rays, because, owing to the greater penetrating power of 
ie y-rays, the contrasts between the radiographed objects of greater 
ltd lesser density are smaller, y-radiograms are of service, however, 
a tie examination for flaws of large metallic objects, too thick for the 
application of X-rays. 

He length of exposure necessarily varies within wide limits, depend¬ 
ing m the strength of the radioactive substance. Fig. 49 (Plate \ ) show's 
writing which w~as obtained by using a preparation of 40 mg. of radium 
^closed in a glass tube. This served as a pencil, and was drawn slowly 
to sod fro over the photographic plate, which was wrapped in black 
»per. The /3-rays horn the preparation were almost exclusively respon- 
for the effects in this experiment . 

At those places on the gelatine film that are most strongly bombarded 
w a-particles indentations occur; the swelling capacity of the gelatine 

* reduced. Moreover, marked solarization effects are observed on those 
: *arts of the plate that have been subjected to the action of strong 
voices of ai-rays. When the duration and intensity of the action of the 
rays on the photographic plate exceed certain values, if is found that 
tie plate is blackened even before it is developed. 

2. Ionization 

This action of the rays from radium has already been described (p. I 
seq.), and we have seen that the ionization of the air forms the basu 


n 
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of the whole of the technique of radioactive measurements. It nm 
added, however, that solid and liquid dielectrics also become eondud 
under the influence of the rays from radium, in a similar manner 
gases. The behaviour of hexane, a liquid hydrocarbon with the fornv 
C# H U , is of interest; the ions produced in this liquid show the us 
mobility of electrolytic ions, but since the number of ions produi 
in unit time is only small, the phenomenon of the saturation cum 
manifests itself here also, just as in the ionization of gases (ef. the ti 
footnote on p. 10). We may assume that the small conductivity aim 
shown by hexane is to be attributed wholly or in part to the actioi 
the natural penetrating radiation (see p. 278). 

It has also been shown that the conductivity of pure water increa 
under the action of the radiation. But in this case it is not quite cent 
whether we have here an actual increase in the conductivity of the sa 
itself, or whether the rise is due to the solution of some of the mate 
of the walls of the vessel under the action of the rays, and the consequ 
addition of a trace of an electrolyte. In view of the extreme sensiti 
ness of water towards small amounts of impurity, the latter possibi 
cannot very readily be excluded. 

The io nizing action of the rays from radium is sometimes also u 
in other physical measurements apart from radiological ones, 
this m eans , for instance, we can investigate the contact poten 
between metals. Moreover, it is of especial use in measurement! 
atmospheric electricity, where we can replace flame electrodes by ia 
ing discs activated with, say, polonium, in order to measure the po) 
tial of the surrounding air. 

3. Excitation of Luminescence 

The ravs from radium, themselves invisible, are able to excite i 
stances to emit visible light, as already briefly 7 mentioned on j 
This is most strikingly manifested in the case of the phenomenoi 
autoluminescence. Thus, when we subject a barium salt contai) 
radium to fractional crystallization, the mixed barium and radiuni 
becomes self-luminous in the dark when the concentration of radial 
the mixture has reached a certain value. The colour depends oni 
relative proportion of radium to barium present in the mixture, 
can, in fact, serve for the approximate estimation of the radium con 
of the preparation. When a 100 per cent, preparation of radium die 
is fused and thus completely freed from water, it emits a bluish 
which is so intense that it can he seen even in bright daylight, hu es 
tions of the spectrum of this light have shown that it consists of the I 
spectrum of nitrogen. Correspondingly, the helium lines are obtaj 
in an atmosphere of helium. The phenomenon of self-luminesci 
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lfi really the excitation of fluorescence in the neighbouring jras) has 
^ been observed with strong solutions of radium salts, and with 
preparations of polonium, ionium, mesothorium. and actinium. 
With weak preparations we can obtain the phenomena of lumines- 
■ mit only by bringing them near to substances which possess marked 
^orescent properties. As is well known, barium platino-evanide 
"BaPtCy 4 — -1H 2 0) S zinc blende, and zinc silicate are very suitable fur 
:rds purpose. The first is used particularly for the detection of X-rays, 
am I likewise for y-rays, whilst the last two show the phenomenon 
yintillationy and enable us to detect the incidence of individual 
r i articles. Each ot-particle gives rise to a single flash of light when 
:t strikes a screen coated with powdered zinc blende, and by suitably 
t b asing the strength of the a-ray preparation, we may observe, particu- 
ariy with a lens, a highly characteristic phenomenon—the luminous 
tjeld appears to be in a state of agitated motion, as a result of the ever- 
hinging incidence of individual luminous points. This apparatus can 
\t made very simply, and is known as a ; spinthariscope \ The duration 
,'f in individual flash of light is only 10~ 4 seconds. 

Special precautions are necessary for the preparation of sample?* of 
zim* hlende which fluoresce satisfactorily. The amorphous ZnS jmwder 
-Stained by precipitation from an aqueous solution does not show 
rksphorescence, hut it can be transformed into the crystalline form 
hr heating to redness. Before the precipitation we must either ensure 
toe presence of an excess of the zinc salt, or we must add a foreign 
neavy metal like copper, because even the crystalline blende is capable 
f phosphorescence only when 'nuclei' are available (see Mow). I he 
hr-reaching conclusions resulting from the fundamental investigations 
n the scattering of ai-particles and on the disruption of atoms were 
initially on the appearance of a few” flashes of light on zinc 
silphide screens, in unexpected directions and at unexpected distances. 
This emphasizes the great importance which attaches to the preparation 
T stood zinc sulphide screens for scientific work. 

Preparations of zinc sulphide with which a certain quantity ot a 
radioactive substance has been mixed are of practical importance. t»»r 
they exhibit a more or less permanent luminescence, which is indepen* 
lent of external sources of energy. These radioactive ‘luminous sub¬ 
stances* differ from the phosphorescent substances formerly used, in 
that they do not require previous illumination before they luminesce. 
They are used for coating the pointers and figures of docks, watches, 
compasses, and for rendering visible such things as signs le.n, in 
theatres), bait on fishing-hooks, and so on. The most rational v raver 
L use for this purpose is radiothorium, since the luminescing power of 
wtry zinc sulphide preparation appreciably diminishes even after the 
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lapse of a few months. For this reason there is no special pa¬ 
using long-lived substances like radium or mesothorium, alth.i 
radium is at present less expensive than radiothorium. In pa ri 
one gram of zinc sulphide is mixed with a quantity of ad 
material, the intensity of the y-radiation from which is equivalent 
10- 4 to 10 -1 mg. of radium. When a good sample of zinc sulphid 
available, several per cent, of the energy of the a-rays is transom 
into light, and this is fortunately distributed for the most pan 
the visible spectrum, with a maximum at 550 mp (see p. 30). 

The above-mentioned diminution with time of the luminescing pa 
of preparations of zinc sulphide is most probably to be explained 
the assumption that the luminescence originates in the ‘centres 
nuclei that are postulated in all ‘phosphors’. In zinc sulphide t] 
centres are present presumably only in relatively small numbers, ah 
one in every thousand ordinary molecules, and they are gradu 
destroyed by the action of the radiations from the radioactive i 
stance. 

Apart from barium platino-cyanide, zinc blende, and zinc all: 
a large n um ber of substances fluoresce more or less strongly under 
action of the rays from radium; thus the mineral willemite (Zn f S 
emits green ligh t, kunzite (a silicate of lithium and aluminium let 
red lightf, scheelite (CaW0 4 ) fluoresces brilliantly and diamond a 
less strongly, both emitting blue light. With these last two ? 
stances scintillations can also be observed when a-partieles are inch 
upon them. Moreover, most benzene derivatives luminesce undei 
action of the rays from radium, particularly those with many rims 
the derivatives of salicylic acid, e.g. salipyrin (= acid salicyl-antipy 
Furthermore, the crystalline lens, the vitreous fluid, and the retij 
the eye fluoresce under the action of y-rays; this is the reason why i 
blind persons, provided the retina and optic nerve are not dam) 
are able to experience the sensation of light when a radium prepan 
is brought near their eyes. In such experiments great care shou] 
exercised, owing to the possibility of physiological damage being < 
to the tissues by the rays from radium (see § 7). 

Most fluorescing substances become coloured under lengthy exp) 
to the rays, hut simultaneously the fluorescence di m i n ishes and fat) 
occurs. This fact is both of practical and of theoretical interest, 
heating, often only slightly above room temperature, or by illuii 
tion with light, the colouring can frequently be annulled, and at 
same time the ability to fluoresce restored. This decoloration by ri 

t Kunzite, and in. a lesser degree also fluorspar and a few other crystals, 
to show luminescence very strongly when they are first rayed by y-rajs an 
ordinary light. 
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.-i heat or light is generally accompanied by luminescence and tlie 
of electrons (thermoluminescence and photo-electric effect J, as, 
: ,x instance, ^ith kunzite, the original rose colour of which is ehanwl 
: :reen by the rays, or with fluorspar, which is transformed from a 
jrwa to a bine colour by the action of the rays. Xew vessels and tubes 
A jas? luminesce much more strongly under the action of radioactive 
s cations or gases than those that have been in use for a long time; thi< 
n a striking illustration of the fact that glass fatigues or loses its ability 
v duoresce when subjected to the action of the rays. Glass apparatus 
•at has been exposed to the rays for a long time always has a brown 
.f violet colour (seep. 248), and also showsvery clearly the phenomenon 
>f rhermoluminescenee (with the well-known characteristic green glow 
; X-ray tubes). Quartz that has assumed a violet colour also shows 
same luminescence during its decoloration by means of heat.f 
The close connexion between the phenomena of luminescence and 
dour changes can he readily understood from the theoretical point of 
view. Detailed investigations in this field have been undertaken with 
'various salts, but primarily with natural rock salt, and they have led 
essentially to the following result. When XaClis coloured by ‘illuiuina- 
with j8- or y-rays, the primary process consists in the absorption 
da quantum of radiation by a chlorine ion, whereby the superfluous 
Herron responsible for the negative charge of the chlorine ion is re¬ 
moved and transported to one of the neighbouring positive Xa-ions. 
The latter is neutralized in this way and transformed into an atom of 
which has the ability to absorb visible light. The resulting 
dour will depend on whether and how strongly the discharged sodium 
{i.e. atoms) are influenced by lattice forces; if they am freely 
w mile and unite to form larger complexes, a process which is favoured 
\v a moderate rise of temperature, they then absorb yellow light in the 
neighbourhood of the D-line, as we should expect from theory, and the 
raved rock-salt assumes a blue-violet colour.^ By means of experiment* 
■fithe influence of pressure applied to one side of the crystal it ha? 
'vcn possible to show’ that the process above described takes place 
*T ecially at disturbed places in the crystal lattice. For the same reason 
alkali chlorides that have been crystallized from a fused mass are more 
meptible to colour changes than are the more regularly ory-i a" 

, f Thermolumincscence and ‘ phosphorescence ’ cannot be sharply different 
doubly refracting ealespar that has been coloured yellow phosphorate witk 
of red light even at ordinary temperatures. ^ 

♦ ^ often noted agreement in the colour of rayed salts with that of their pollouhj 
«lutions (sols) is also based on a separation of the metal of this nature; thus, 
*l^inj8uence of the rays from radi um , borax beads to which a little lithium has bell 
become brown, with sodium they become violet, with potassium blue, and wif 
■ '^diuna greenish blue, and these are just the colours of the corresponding sols. 
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salts obtained by crystallization from solutions. When the n< 
process is interrupted and the coloured salt is heated, the vali 
electron of the sodium atom returns to the chlorine atom, Thereby 
ionic lattice is reformed and decoloration takes place. This retur 
the electron can give rise to the emission of light in different ways, 
on these lines it is possible to explain the thermoluminescenee prod, 
by heating coloured salts and glasses. The phenomena of the emii 
of electrons, decoloration by the action of light, and in particular 
the feeble fluorescence of strongly coloured glasses all find asatisfae 
explanation within the framework of this theory, but we shall not 
cuss them in further detail here. 

4. Development of Heat 

The following details will serve to amplify the information alp 
given on p. 1. 



Fig. 50. Heat Development of a Radium Preparation. 


A simple experimental arrangement that enables ns to demon! 
the continuous liberation of heat hy radium preparations is repress 
diagrammatically in Fig. 50. A radium salt contained in a glass 
is situated in the left of two identical Dewar vessels, each pro 
with a thermometer, and in the right-hand vessel is a similar 
contai ning the same quantity of a barium salt. The temperan 
the left-hand vessel is always found to be somewhat higher than i 
right-hand vessel. If the salt introdnced contains half a gram c 
element radium, the difference in temperature may amount to as 
as 5° C., and is only limited by the magnitude of the unavoidabl 
of heat to the exterior. Correspondingly, the mercury thread 
Bunsen ice calorimeter, by means of which the amount of ice *1 
per unit of time is measured, moves constantly with uniform veto 
The amount of heat is generally determined quantitatively bj evs 
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the amount of clGctrical 6uerg\ "which produces the s<uue (juuntitv 
j heat as the preparation concerned (method of compensation). In 
string up the experiment, of course, cure must be taken to ensure that 
kl the rays emitted are absorbed within the calorimeter, with the excep¬ 
tion of a fraction of the y-rays, for which a correction can be applied. 
In tills manner it has been found that 1 gm. of radium in equilibrium 
with its short-lived disintegration products develops 140 calories of heat 
rer hour, or enough to heat more than the same mass of water from 
e, to 100° C. In accordance with the slow transformation of radium 
ato the end-product lead, this generation of heat gradually diminishes, 
lithe time required for 1 gm. of radium to decay completely (roughly 
MW) years) it must evolve 3*4 x 10 9 calories; for purposes of coin pari- 
,iiit may be mentioned that we should have to burn about half a ton 
fcoal in order to produce this quantity of heat. Even the transforma¬ 
tion of 1 gm. of oxy-hydrogen gas into water only develops about a 
:nlonth part of the above amount of heat, viz. 3,700 calories, and it is 
i ell known that this reaction is associated with a heat of combustion 
inieb is unusually high for chemical changes. 

The following consideration gives us information as to the origin of 
toe large quantities of heat generated by radioactive substances. From 
the velocity and mass of the a-rays and recoil rays, and from the energy 
■f the 3- and y-rays, which is likewise known, we can calculate the total 
energy liberated by the preparation in the form of rays. For complete 
absorption of the rays, this energy must he transformed into heat. In 
::i> way we obtain for the amount of heat resulting solely from the 
ilsorption of the rays from 1 gm. of radium, together with its dis¬ 
integration products, the value 140*1 calories per hour; of this amount 
i-44 calories are produced by the a-ravs and the recoil rays. 6*3 calories 
by the /3-rays, and 9*4 calories by the y-rays. Since the quantity of heat 
f und experimentally agrees with this value within the limits of error 
J experiment, we must conclude that the heat developed by radio¬ 
active substances is due to the energy of the rays, and not to any 
additional inter-atomic processes. 

By means of sensitive apparatus it can also be proved that p^b-ni;:::: 
Md even thorium and uranium are sources of continuous development 
heat, exactly as we should expect from the disintegration theory, 
(be gram of uranium in eq uili brium with its disintegration products 
aerates about 9x 10~ 5 calories per hour. Information on the calori- 
detection of mesothorium in radium is given on p. 56. 

5. Chemical Effects 

I.Vofe. The study of the chemical effects of the rays from radium is 
wartimes called ‘radio-chemistry J in the narrower sense, just as the 
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designation ‘photo-chemistry 5 is applied to the study of the cli«i 
effects produced by light. Throughout this book, however, we 
confine the use of the term ‘ radio-chemistry 5 to the chemistrv o* 
radio-elements, or the study of their chemical properties and reaetj 
since no other short name is available for this much greater and rj 
more important branch of the science.) 

It has already been mentioned that many similarities exist ben 
the chemical effects produced by the rays from radium and s 
produced by light. In our discussion of the ionization in gases we j 
dated it with the better-known case of electrolytic conduction. 1% 
serve a useful purpose if, both in the individual examples and in 
theory of the phenomena of the chemical effects of the rays from rad 
we likewise always draw attention to the analogous photoehet 
effects. We shall first discuss a number of experiments on the chei 
changes brought about by the action of the rays from radium. 

(a) Chemical Effects in Solids 

Colourless glass becomes coloured under the action of the rajs 
radium; ordinary sodium glass and glass containing manganese be 
violet, whilst glass containing iron or potassium becomes brown, 
coloration is annulled by the action of light, and still more quick! 
the action of heat, and at the same time the phenomena of luminesi 
already mentioned make their appearance (see p. 245). Precious s 
and minerals also alter in colour; diamond is transformed super® 
into graphite, blue sapphire becomes yellow 7 (synthetic sapphires re 
unchanged), bright green fluorspar becomes dark blue, red kn 
green, and colourless rock-salt blue or brown. Pleochroic haloes 
are to be seen in manyminerals (see p. 269), and which are a conseqi 
of radioactive inclusions, show’ the same colorations as can be prof 
by artificially raying the same minerals. It is well known that a 
glasses assume a yellow, green, or violet colour also when the 
subject to the action of light for a long period of time, or when i 
tensity of the radiation is large. 

In the case of pleochroic haloes we have a particularly sti 
example of the great similarity between the action of a-rays and J 
chemical processes. In the vicinity of the dark rings the mica is !i 
times more transparent to light than in places that have not 
affected at all by a-rays [1], Quite a similar phenomenon cj 
observed in photographic plates near to regions that have been staji 
blackened (‘ Eberhard Effect 5 ). 

One of the best-known photochemical effects is the bleaching d 
An analogous destruction of the colour by means of the rays 
radium can also be detected with, say, indigo or chlorophyll. [ 
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prions are more obvious in solutions or with strips of material soaked 
"'Abe solutions than when the dye is in the compact solid form. 

’ ] t i s well knowm that light exerts a destructive action on paper 
gaining lignin, in the presence of air. The rays from radium exert 
i !lllie h more energetic destructive action on every kind of paper, on 
dk. linen, celluloid, and the like. The action is here probably due to 
illation by the ozone produced by the rays. In a similar manner, 
griffin wax, vaseline, and rubber become hard, and tap-grease is 
imposed with evolution of C0 2 by the action of the rays. These 
jitfnomena must be taken into consideration in the construction of 
ipi&ratus for radioactive purposes. 

Yellow phosphorus is transformed into the red variety under the 
Ktion of light; exactly the same effect has been observed with the rays 
:r , m radium. When light is incident on selenium the electrical resistance 
,f the selenium is found to diminish, and this fact is the basis of many 
twcesses. such as light-telephony and the ignition of explosives from 
4 distance. The resistance of selenium also diminishes when the rays 
M radium are incident upon it. Nitrogen iodide explodes instantane- 
dv when subjected to the light from burning magnesium; about 2o 
Semite are required before the explosion takes place when the nit rogen 
diiie is submitted to the a-radiation from 3 millicuries of radon at a 
stance of 1 cm. During this period some 10 7 or 10 s a-particles impinge 
s the nitrogen iodide. 

Finally, the reducing action of the rays from radium on silver chloride 
ind silver bromide is also of great importance, and quite analogous to 
•reaction of light. It constitutes the basis of the photographic action 
f the rays, and for this reason it has already been mentioned on p. 24 m. 

b Chemical Effects in Liquids 

The decomposition of water under the influence of the rays from 
radium is of especial importance. In this process, gases consisting of 
L 0 2 . and 0 3 are liberated, and simultaneously a little hydrogen 
itroxide is formed in the water. We can picture the processes by mean* 
f the following two equations: 

2H 2 0 = 2H 2 +0 2 , 

vhereby some of the 0-atoms initially formed go to form ozone with 
the 0 2 , and 

2H 2 0 = H 2 0 2 +H 2 . 

Mc«t of the decomposed water molecules follow 7 the first reaction, and 
*> form oxy-hydrogen gas, hut owning to the second reaction there is 
^ays an excess of hydrogen mixed with it. The amount^ of the 
Composition products obtained from a given quantity of a dissoh ed 
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salt of radium depends first on the fraction of the /}-. and * * 
absorbed by the water, and thus on the dimensions of the conta< 
vessel, and, secondly, it depends particularly on the magnitude q 
gas space over the liquid, because this determines the relative dki 
tion of the radon between the liquid and the gas phases (of. p,; 
As an approximate estimate, it may be stated that a daily produi 
of 20 c.c. of gas has been observed from 1 gm. of radium in solutbi 

This continuous evolution of appreciable quantities of oxy-livdr 
gas can give rise to much trouble when radium preparations are si 
off in glass tubes before being completely dry. The pressure of the | 
developed may burst the tube, and a slight and sudden applicatii 
heat may result in a veritable explosion. For this reason it is absul 
necessary, before sealing off strong preparations, to maintain the 
a temperature of over 100° C. for several hours. 

If only the penetrating rays from radium are used for the deeom 
tion of water, the velocity of decomposition is very much smalls 
when the radium preparation is enclosed in a double-walled i 
filled with water. It can be increased by enclosing the outer vea 
a sheath of lead. In this case secondary /Frays are emitted by the 
and since they are absorbed by the water more strongly than the prj 
y-rays, they give rise to a bigger effect. This experiment has; 
mentioned because it presents a certain formal analogy to w} 
called 'optical sensitization 5 ; thus a photographic plate becomes 
tive to red rays when it contains eosin, and after the addition of ch 
to a mixture of hydrogen and oxygen the last two gases comhij 
virtue of those rays that are absorbed by the chlorine, whereas i 
absence of chlorine the action of visible light is only a slow one. 

The decomposition of water by the two reactions mentioned ; 
can also be brought about by means of light, particularly by 
violet light. 

It has been mentioned that a certain proportion of hydrogen pei 
is formed from water under the action of the rays from radium- 
reverse reaction, the decomposition of hydrogen peroxide, is 
markedly influenced by the rays. Ultra-violet light produces thu 
effect; in fact, a mercury lamp acts incomparably more quickl] 
even a strong preparation of radium. 

From amongst other reactions that take place in liquids, it n 
mentioned that in the mercury oxalate actinometer oxalic a 
decomposed by the rays from radium as. well as by light: 

2Hg€l 2 +C 2 0 4 (NH 4 ) 2 = Hg 2 Cl 2 +2C0 2 +2NH 4 CL ; 

The amount of calomel precipitated, or the amount of carbon i 
liberated serves as a measure of the intensity of the light.: 
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v;,riuiis that have been described are also in complete qualitative 
jjwment with the transformations wrought by light, but in general 
TM y take place several hundred times more slowly than when a memirv 
Mp i? used as the source of light. The following are examples of such 
fractions: the liberation of iodine from a solution of iodine in eliloro- 

♦ m; the decomposition of liquid HBr or an aqueous solution of HBr, 
'r,.f HI or KI solutions: the precipitation of silver from dissolved 
n iver nitrate ; the decomposition of nitric acid into nitrous add. nitric 
vile, and oxygen. 

The observation that- platinum vessels are attacked by solutions of 
rdinm chloride is explained by the liberation of nascent chlorine, which 
its turn dissolves the platinum. 

• fkmical Effects in Gases 

The most striking of these is the formation of ozone from oxygen ; 
:he characteristic smell of ozone is detectable in the proximity of every 
preparation that is emitting intense radiation. In consequence of this, 
metals like lead, mercury, and aluminium, and also paper, linen, ami 
the like (see above, p. 249), are oxidized in a longer or shorter interval 
4 time when they are situated in the neighbourhood of radioactive 
preparations. In particular, the formation of ozone has also been aoeur- 
itdy investigated quantitatively, but we shall defer details of this 
work until we discuss the theory of the chemical action of the rays 
-ee p. 2a5). 

Mention should be made of a few other reactions in gaseous systems 
have been studied in some detail. They include the oxidation 
f hydrogen, carbon monoxide, and various hydrocarbons (methane, 
"tisane, propane, and butane); the decomposition of carbon monoxide, 
unmonia, hydrogen chloride, hydrogen bromide, and nitrous oxide: 
Te synthesis of water, ammonia, and hydrogen chloride: the ply- 
tmzation of acetylene, cyanogen, and hydrogen cyanide. The photo- 
aemieal processes corresponding to these changes are so well known 
Int it is hardly necessary to consider them in further detail here. 

I nder the influence of radiation, nitrogen also becomes more reactive: 

* fiiminution in pressure due to the influence of a-rays has been observed 
m glass flasks filled with pure nitrogen, and having various substances 
^ K, S, P, I, As, Mg, Hg) on their inner walls. 

& rural Xature of the Chemical Reactions produced by the Mays from 
tkdlum 

have not classified the reactions referred to above to indicate 
Aether they are caused by a-, jB-, or y-rays, because in many mm 
on this point are not available, and in most of the cases in, which 
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the parts played by the different kinds of rays has been studied it 
been found that all three produce the same changes. In general we 
say that the a-rays have the strongest action, if this is not prevents 
their ready absorbability. Most reactions with gases have been eaj 
out with radon, in which case the major part of the action can certi 
be ascribed to the a-rays; this also holds for the decomposition of up 
into oxy-hydrogen gas, which has also been established by the ui 
polonium, a pure a-rayer; likewise for the breaking up of aim 
iodide. For this reason small quantities of radioactive substance* 
brino* about colorations in glass only to a depth of a few hnndredti 
a millimetre, corresponding exactly to the phenomenon of piece! 
haloes (see p. 269), in which the jS- and y-rays emitted sinmltanec 
with the a-rays also have no appreciable action. 

In other reactions the /3-rays are mainly responsible for the chai 
for they are able to penetrate more deeply by virtue of the fact 
they are corpuscular rays and may possess considerable energy 
particular, in the separation of iodine from iodoform in benzene, * 
appear to be quite ineffective. Like ultra-violet light, j8-rays deeon 
water into hydrogen peroxide and hydrogen, in contrast to a-ravi 
The absorption of the y-rays is so small that their quantitative s 
cannot he large, owing to the small losses of energy involved (cf. | 
on the sensitization for y-rays). In spite of this, they are the only 
which call for consideration from the viewpoint of deep-seated v; 
effects; this is the basis of their prevalent application in medicii 
From the illustrations that have been mentioned it is clear that, 
in solids and in liquids and gases, the chemical actions produce 
the rays from radium are extraordinarily similar to those of ligl 
least in their outward manifestations. Many reactions are quite is 
cal, and this is particularly true of those reactions caused by the 
trating rays, in which case the radioactive preparation used i 
experiment is enclosed in a glass tube. From the theoretical view 
this agreement can be readily understood, for the y-rays are nc 
else than light of very short wave-length. When the more n 
absorbable rays are also admitted, the effects are very much stn 
but even then they are in all probability not different qualita 
from those produced by light. Nevertheless, reactions like thi 
nounced formation of ozone take place under such conditions qf 
and to an appreciable extent, although they would hardly be peree 
by the use of light. It should be particularly emphasized that 
decomposition of ammonia by a-rays an alteration of the press 
an addition of foreign gases (N 2 , H 2 , N 2 H 4 ) exerts a very i 
influence, even quantitatively, to that observed in the case of | 
chemical decomposition [2]. 
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A further similarity with photochemistry is embodied particularly 
tjj tie feet that one and the same reaction is often favoured in both 
Virions. But whereas in the case of light, as with hydrogen bromide, 
jt his been established that different wave-lengths produce opposite 
ejects, such a differentiation has not hitherto been observed when the 
- : ,vs from radium are used. Thus radon decomposes water, and at the 
sinie time brings about the combination of oxy-hydrogen gas; an 
ijidlcsious behaviour is found with ammonia. It is sometimes regarded 
k surprising that in certain cases light produces effects the reverse of 
rbi-se due to radium rays, as when colorations in minerals due to the 
'liter rays are made to disappear under the action of illumination bv 
iifet. But when we remember that the effects produced by different 
Kinds of light are often opposed to one another, we can hardly doubt 
the essential similarity between the processes effected by light and by 
the rays from radium. 

Of especial importance is the fact that the temperature coefficient 
like velocity of reactions actuated by the rays from radium is just 
a* small as in photochemical reactions; for the deeom]>ositi< m of 
hydrogen peroxide it has been found to be 1*2 per Kf'C. 


o Theory of the Chemical Reactions produced by the Rays from Radium 

Since the outward manifestations of these reactions and those of 
riotoehemistry have been found to resemble each other so closely, 
may ask ourselves whether it can be assumed that the mechanism 
jf the changes is also the same in the two cases. 

The more recent physical advances on the subject of light quanta and 
*n the connexions between radiation and matter have resulted in great 
progress being made in the theoretical treatment of photochemical 
processes. By using thermodynamical principles as a basis, the earlier 
cadency was to introduce a strict differentiation between those pro¬ 
tases which take place by the addition of energy by light and those in 
«tieh the light accelerates the process in a catalytic fashion. But it 
.us now been recognized that, from this point of view, reactions which 
nm a quite similar course have often had to be treated separately. The 
mechanism of the processes was first revealed by considering them from 
tie atomistic viewpoint by means of Einstein’s 'law of photochemical 
equivalence 5 . If we divide the absorbed energy of radiation by the 
“Cline of Planck's element of energy corresponding to the wave-length 
then by 7 the equivalence law we must obtain the number of ele¬ 
mentary processes involved in the experiment. In jwint of fact, it i& 
bund, say when oxygen is subjected to ultra-violet radiation, that the 
number of elementary processes calculated in this manner is of the same 
of magnitude as the number of molecules of ozone formed. To 
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be more exact, twice as many molecules of ozone are formed, and v< 
we may assume that in every elementary process one O.-moled 
split up, and the resulting 20 combine with two additional Ch-mole; 
to form 20 3 . 

It is necessary at this stage, however, to recall that, in spite o: 
essential validity of the law of photochemical equivalence, mime 
instances of photochemical reactions are known in which the arm i 
actually converted are found to he smaller and sometimes greater ! 
those which correspond to the number of the elementary proof 
calculated, for it is not the elementary processes themselves w 
are observed but only the chemical changes brought about bv tl 
In certain circumstances a fraction of the absorbed light quanta 
increases the thermal content of the substance instead of contrihj 
to chemical change, and in this case the chemical yield must lag be 
the yield calculated. On the other hand, an elementary process 
he immediately succeeded by a ‘chain reaction’, and then the am 
of chemical change may be enormons, and even more than a mi 
times greater than would correspond to the law of equivalence. II 
suffice to recall the well-known case of a mixture of chlorine and hi 
gen. Each absorbed light quantum breaks up a molecule of CL 
its constituent atoms; each free atom of chlorine is able to form 
by muting; with an H-atom from an H 2 -moleeule and to set at lit 
the other H-atom; this free H-atom can in turn react with C'h m 
a molecule of HC1 and liberate Cl, and so the process goes on. Ir 
way it is possible to explain why, with a mixture of equivalent ami 
of hydrogen and chlorine, a single quantum of light is able to pro 
the formation of a very large number of molecules of HC1. 

yov if we wish to examine the question as to whether the chei 
reactions called forth by the rays from radium also obey the If 
photochemical equivalence, we must first adequately appreciate 
the number of elementary processes is determined not by the nu 
of primary a- or jS-particles fired into the reacting system, but h 
number of secondary ions produced by these particles. This) 
emerged quite clearly from an investigation on the formation of > 
by cathode rays, which is mentioned here because the meehanii 
this reaction is intimately related to that of the changes brought i 
by the ray’s from radium. Cathode rays were allowed to enter a 
containing oxygen, and then determinations were made first < 
amount of ozone formed, and, secondly, by measurement of the si 
tion current, of the total number of ions produced in the reaction 1 
Whereas the number of primary electrons projected into the 
was from a hundred to a thousand times smaller than the num, 
molecules of ozone formed, good agreement was found betwce 
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;>J mber of ozone molecules and t-lie number of pairs of secondary ion> 
vr-lured in the reaction vessel As we have seen on p. II. a single 
6r; tron can give rise to many thousands of ions as a result of ionization 
y k - ,;i ■ Union, and it is obviously 7- these ions of secondary’ - orijrin that rive 
n*e to an equal number of chemical elementary processes in accordance 
-Ad} the law of photochemical equivalence. 

Reverting to the case of the rays from radium, it is necessary to 
apply an exactly corresponding calculation of the number of electrons 
tAing part in the reaction. Here also it is a question of a dejiendciit 
electrical conductivity caused and sustained by an outside ionizing 
ijeni-y. and the number of ions contributing to the conduction „f 
-jectricity is much greater than the number of primary particles entering 
♦te iias. the former number sometimes being as much as Ho times the 
.alter (ef. p. 27). Xow the total number of pairs of ions produced by 
i radium preparation of definite strength can readily be found from 
tie saturation current. In the formation of ozone from oxygen under 
the action of the rays from radon it was thus possible to compare the 
cumber of molecules of ozone formed with the number of pairs of ions 
produced, and when this was done it was found that the requirement 
d equivalence was excellently confirmed within the limits of ex]K.*rb 
mental error. Here also we should obtain much too small a value for 
the number of elementary chemical processes if we were to regard the 
■barges carried by the primary a-particles fired into the gas as being 
the determining factor in the reaction, instead of those of the pairs of 
solidary ions formed. 

TMs equivalence between the number of molecules entering into 
iemieal reaction and the total number of ions formed by the vray.* 
As been proy T ed not only for the formation of ozone, but also in the 
vmiation of water, ammonia, and hydrogen chloride from the eonsti- 
taent elements, and also in the decomposition of ammonia, hydrogen 
■■ 'blonde, hydrogen bromide, and carbon monoxide. Moreover, it has 
■Bj been established in liquid systems, as in the decomposition of 
liter, liquid hydrogen bromide, and in an acid aqueous solution ui 
p.'tasbum iodide. In accordance with this equivalence it lias been 
pwable to show that a definite amount of chemical change is associated 
htli the presence of a de fini te number of ions, in a similar manner as 
in .Faraday's law. In contradistinction from Faraday’s law, however, 
tliese ions do not participate in the transport of current, and hence 
ri this ease we generally speak only of an ‘iono-chemieal equivalent? . 

Chemical actions are here brought about in a roundabout way by t he 
formation of excited atoms or of ions. The recognition of this fact 
wafers it intelligible why the utilization of the radiative energy in its 
transformation into che mi cal energy is such a poor one, both with light 
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and with the rays from radium, assuming the validity of the sin 
law of equivalence, hut not in the case of chain reactions. On 
assumption that the first step in the process is complete ionizat 
5-5 X 10 -11 ergs must be involved in the formation of a pair of hn 
air. Now if one such pair of ions induces only one molecule to take 
in chemical change, the greatest known heat of reaction in sui 
transformation, which we shall regard as a measure of the free ene 
amounts to no more than 7 X lO” 12 ergs. Hence only about 13 peri 
of the energy can be stored up in the form of chemical energy. M 
over, since usually more than one pair of ions per molecule is necess 
and the heat of reaction is smaller than the above amount, it ful 
that the utilization of the energy is in general still worse (2 to 3 
cent.).t 

It is particularly noteworthy that the iono-chemical law of equival 
also holds when the chemical reaction takes place in the directk 
the free energy, so that here also a much greater radiative than ekei 
energy is involved. It makes absolutely no difference in the numb 
ions required that now no chemical energy whatsoever must he si 
np; the large thermodynamic difference does not make itself man 
and from this we must conclude that even in such cases we mai 
conceive the action of the rays to be of a catalytic nature (ef. whas 
said above on p. 253 about the inadvisability of the older division 
two categories). The experiments supply unequivocal evidence tha 
effectiveness, say of radon, is of the same order for a reaction i 
proceeds in the direction of its own free chemical energy, as for oik 
proceeds in the reverse direction. This observation is quite simil 
that which has been made in the field of photochemistry. Thus i 
decomposition of ammonia by means of ultra-violet light it has 
established that the same intensity of light is necessary for the dt 
position of a given quantity of ammonia, no matter on which si 
thermodynamic equilibrium we may be. 

Finally, work carried out in recent years has revealed that the 
kind of chain reactions can be initiated by the rays from radium 
light. In the ease of an equivalent mixture of hydrogen and cb 
it was possible to show that ionization by a-rays gives rise to cha 
the same length (a few thousand molecules) as photochemical excitj 
and that the temperature coefficient of the two reactions is the. 
The synthesis of phosgene from CO and Cl 2 also gives the same 
when the absorbed light quanta are replaced by an equal num. 
pairs of ions produced by a-rays. Further examples of chain rea 
that can be initiated by the radiations from radium are the chlon| 

f The calculation, comes out more favourably when we do not assume el 
ionization as a preliminary to the change, hut rather only excitation o an e 
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,.i benzene, and the oxidation by oxygen of sodium sulphite dissolved 
* cate r. This last reaction is noteworthy in that it takes place in a 
j.j’jid system. 

from what has been said there can be no doubt that the chemical 
.tactions that take place under the irffiuence of the rays from radium 
* ;IIi be interpreted theoretically by the application of the ideas de~ 
in photochemistry. But at the present time the development 
f a detailed reaction mechanism is faced with considerable ilifti- 
■ uities [3]. 

i Colloido-Chemical Effects 

In this section we shall discuss individual effects produced by the 
-ivs from radium, in so far as they are intimately related to questions 
colloidal chemistry. It is, of course, not possible to delineate them 
sharply from the topics already treated. Thus it is known that the 
Autographic process, of which we have previously spoken, must also 
k considered from the colloido-chemical viewpoint, and the colorations 
mlt with on p. 245 (second footnote) likewise present certain eolloido- 
hraieal problems for solution. 

The study of the action of the rays from radium on the stability of 
.-dloidal solutions belongs to colloido-chemical investigations in the 
narrower sense. Here the interesting result has been established that 
withe colloids are precipitated, whereas negative ones survive the 
radiation. The experimental arrangement was so chosen that almost 
ri .-iusively j3-rays were effective, and since these carry negative charges, 
we can understand why they deposit the positive colloids. Thus if we 
d(\ to a colloidal solution of iron hydroxide a quantity of a salt solu¬ 
tion. say sodium acetate, just insufficient to produce a change, we can 
bain turbidity of the colloid by means of radium rays, whereas a 
■Mitral sample that has not been subjected to radiation will remain 
.in*hanged. With a sol of cerium hydroxide it is not even necessary to 
sensitize it previously by means of an electrolyte; by subjecting the sol 
radiation it is transformed into a coherent gel even after a period 
-i-± hours, whereas it remains unchanged for years when not submitted 
"c? the action of radiation. 

None of the electro-negative colloids of gold, molybdenum blue fan 
^ide of molybdenum containing water), and vanadium pent oxide, the 
of which tends to form a gel just like cerium hydroxide, were affected 
subjected to radiation. Albumin, which also forms electro-nega- 
tke colloidal solutions, is deposited in flocculent masses, but it is 
probable that this is not simply a phenomenon of discharge, but rat her 
be to the fact that the albumin first loses its original nature. 

Inder certain conditions the rays from radium are also able to bring 
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about tie formation of cloud deposition. Thus if we introduce iru 
closed vessel distilled water, a piece of sulphur, and radon, the \ 
space becomes filled with a persistent cloudy suspension. Since we, 
detect traces of sulphuric acid in the water, tie explanation of ?! 
phenomenon undoubtedly seems to be that S0 2 -molecules, and fr > 
these SOg-molecules, are produced by the action of the rays, and tie 
serve as condensation nuclei for water vapour. Visible fumes mu>? ’ 
formed in exactly tie same w r ay as when, say, hydrogen chlori 
escapes into the moist air of a room. When sulphur has not k 
introduced into the vessel, only a very much weaker cloudiness 
obtained. It is probable that in this case the nitrogen oxides form 
by the action of the rays from tie radon give rise to just suffix 
condensation nuclei to enable a cloud to form, for if we replace the,* 
by carbon dioxide, we can no longer observe any permanent cloud. 

If we use super-saturated water vapour, condensation occurs dim* 
on the ions formed, without the necessity for chemical reactions. % 
method is utilized to render visible the tracks of the rays from rad 
active substances (see p. 19). 

The following observation is also more or less closely related to ! 
facts already described. By means of /3-rays it is possible to here 
the rate of crystallization of supercooled sulphur. If only a tracts 
of the sulphur drops are rayed, many more crystallization nuclei i 
be found among these drops than among those that have not been 
treated. 

7. Biological and Therapeutic Effects 

Not long after the discovery of radium it was observed that I 
substance must not be handled without precaution. If we allot 
strong radium preparation to lie for some time on the skin, sores devel 
which are very similar in appearance to burns. Whereas in the c*asi 
the action of heat, however, our attention is immediately drawn to 
danger by the resulting pain, the rays from radium have the sinii 
property that they do not at first give rise to any unusual feeling : i 
a strong preparation it is not until several days or a week or two li 
that the inflammatory process begins. Particularly in the earlier d 
of radioactive research, when the danger had not yet been recogni 
many radiologists suffered from such sores on their fingers. In si 
eases a marked atrophy of the affected finger-tips developed, and tf 
is a danger of cancer developing later, just as in the case of bt 
produced by X-rays. 

The maximum daily dosage of y-rays that a human king 
tolerate without apparent harm is 0*1 rontgen unit (cf. p. 57), Vf 
working with radioactive preparations, it is advisable to earn' in 
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,vfet a miniature ionization chamber abort the size of a fountain- 
aB d charged to a potential of a few hundred volts. By testing the 
Client to which discharge has taken place in the ionization chamber 
iiier the lapse of a few" days, it is an easy matter to ascertain whether 
if!10 t the daily dose of y-rays to which the body has been subjected 
exceeded 0-1 r unit per day. 

Alter it had been established that the rays from radium have a 
lithological influence, it was suggested that they might have an 
implication in medicine, and as a matter of fact it is possible to produce 
satisfactory improvement in various skin diseases, whereas healthy 
skin is damaged by the rays. The penetrating rays often have a healing 
rat least a favourable and soothing effect on internal diseases, par- 
tkuiarlv in cases of carcinoma. In most cases normal tissue is from. 
:>m to seven times more resistant to the effect of the rays than discard 
tissue. Moreover, much success has been attained in cases of gout and 
rheumatism, and science has recently been inclined to attribute the 
healing action of many natural springs to their content of radon. When 
Laths are taken in water containing radon, the process involved b 
probably that the radon is given off by the water, and inhaled by the 
patient (see p. 226). A decrease in the leucocyte content of the hk^l 
ks been observed as a result of the injection of radioactive solutions 
and it may be possible to make use of this fact in cases of leu y:- 
The underhung processes are not only of great importance in medical 
therapy —on which subject further information can be obtained ir» >m 
the extensive literature of medical radiology—but they are also of 
undoubted interest- from the viewpoint of theoretical biology, in which 
'•rmexion they have frequently been investigated. \\ e can discus here 
■•dy the most important of the experimental results. 

Stimulants which are harmful to an organism when administered in 
uirge doses often have a favourable influence when used in small d»»$e>. 
Here we may recall the fatal action of large quantities of many com¬ 
pounds used in medicine. Xow this general rule, which has oetuHonnlh 
been designated a fundamental law’ of biology , has been completely 
vindicated in its application to the influence of the rays from radiant , 
Young plants exposed to the rays from radium are found to exhi >it 
idistinct improvement in their grow'th when only" small dose> arc ti^ 
whereas large doses are highly detrimental to the development ol t n 
pants, as can be seenfromTig. 51 (Plate V) . By the action of a suflkient ly 
strong source of radiation we can destroy the vitality of see< ^ am 
Hi! bacteria (cholera, typhus, anthrax, streptococcus) and a im nr 
animals such as caterpillars. Germ-cells are especially sensitive. si 
object ova or spermatozoa to the action of the rays, we can o >? * *'** 
ifaent kinds of developmental arrest. Changes in the it * w at i 
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cannot be detected even with the highest magnifications manli 
themselves in the further development by the appearance ofdeviati, 
from the normal development. A former contention of the specific a-;, 
of the rays on biochemical compounds in vitro has not been veritj 
On the other hand, /3-rays have a marked capacity for haemoii 
action, and this fact may perhaps be made use of in connexion m 
their application in medical practice. 

The danger of ‘ burning ’ the fingers, which is considerable \vb 
radium preparations are often handled, can be diminished In- 
use of rubber finger-caps pulled over the ends of the fingers vf 
actually come into contact with the tubes containing the sul»ui 
They suffice to screen off the soft /3-rays, which appear to be raaj 
responsible for the burns, and they are to be preferred to harder matei 
because in the latter case secondary £-rays are likely to be produ 
by the y-rays incident upon it. But the chief advantage resulting fj 
their use is the absence of any hindrance to the handling of preparati 
with which one is working, say in transferring radioactive mm 
from one tube to another, and similar operations. With strong prep 
tions, however, finger-caps give inadequate protection, and suiti 
forceps should be used. Radium burns are particularly troubles^ 
because it frequently happens that even if they mend there remai 
supersensitiveness of the skin, and the rays from quite a small quar 
of radium are then sufficient to give rise to renewed inflammation. 1 
we have what is from the theoretical point of view a very intern 
case of ‘indirect’ or ‘physical anaphylaxis’; the anaphylactogeni 
not directly introduced into the organism as in ordinary anaphyl 
(e.g. as a foreign type of albumin), but are formed in the organist 
the action of the rays. 

Biologically, neutrons are roughly ten times as effective as X* 
in respect of the change they bring about in the blood picture of a 
The maximum permissible daily dosage of neutrons is estimated t 
one-tenth that for y- or X-rays, or 0-01 r unit (cf. p. 258) [4], 

An important biological effect of y- and of X-rays is the increase 
dueed by them in the rate of mutation of genes. All types of muti 
occur, including spontaneous ones, but no types are observed u 
are specific to the rays. The rate of mutation is found to be indeper 
of the wave-length of the rays and to depend only on the total an) 
of the incident radiation. The interpretation of these results seei 
be that one direct ‘ hit ’ suffices for the initiation of mutation by X 
and by y-rays, and that this hit consists in the formation of a pj 
ions. Various speculations have been made, according to vhic 
cosmic rays (see p. 278) are held responsible for the production o 
types, but these lack experimental support. 
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ylechanical Effects 

The mechanical effects are always brought about indirectly by eltv- 
T^lor by chemical processes. Thus, when it was observed that 

into which radium had been sealed exploded, the cause c/tliis 
% to be found in the excessive pressure brought about by the de veil .p- 
:i ^nt of oxy-hydrogen gas (see p. 250). The assumption of electrical 
Charges, which have sometimes been held responsible for this effect, 
spears to be quite superfluous. Quartz tubes in which strong radium 
ireparations have been kept develop a- very characteristic me>ti work 
f tine cracks. 

The * radium clock 5 provides a pretty experiment for demons rat foil 
mqoses, and illustrates how the rays from radium may be utilized 
.'directly to give rise to motion. It consists of a small glass tube roli¬ 
mning radium, supported on an insulating quartz rod inside a m>iih> 

4 hat wider evacuated glass tube, and having attached to its bmer 
rrremity two electroscope leaves. Since the jS-rays penetrate the inner 
jjbS tube and thus continuously carry away negative charges. wlimw> 
the iHjsitively charged a-rays are retained by the tube, it follows that 
latter will become more and more positively charged. In ojim- 
pence of this the electroscope leaves become more and more deflected 
until they touch the glass walls of the outer vessel when they are 
Charged and collapse, and the whole process is then repeated time 
and time again with the regularity of a 'clock 5 . The charge collected 
,ii the inner glass tube in such an arrangement may suffice to raise it 
o a potential of several hundred thousand volts. 

The phenomenon of the 'ionic wind 5 is of great theoretical interest. 
The a-rays show this effect best, but B- and y-rays are also effective. 
When the air between the plates of an ionization chamber is ionized, 
rfen on applying an electric field the air between the plates is set in 
action. The direction of this current of air is from regions of stronger 
t-regions of weaker ionization. It is caused by the fact that the mo vim: 
•.ns exert a viscous drag on the surrounding molecules of air. Even 
anen the distribution of ionization in the chamber is uniform, an i*»nic 
mi can still be detected, because the dragging action of the positive 
iensis somewhat greater than that due to the negative ions. 

I Atomic Disruption 

The phenomenon of atomic disruption is the most potent action caused 
fe the rays from radio-elements, and has as its basis the fact that we 
^ enabled in this way to bombard individual atoms by means of ray > 
”4iefi have a very high loc aliz ed energy" content. Atomic disruption 
^ recently also been achieved by r the aid of highly energetic protons 
deuterons, and by neutrons even of small energy, and the itvulta 
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of such work, as well as those obtained with the rays from radium 
dealt with elsewhere in this hook (see Chapter X. p. 108). It will si; 
here if we again draw attention to this theoretically most imp,! 
application of the sources of energy rendered available by the ray: 
radium, owing to its significant bearing on our ideas of the strum 
atoms. 


REFERENCES 

The chemical effects of the radioactive radiations are fully discussed ii 
Chemical Effects of Alpha Particles and Electrons, by S. C. Lind, 2nd ed. (Che 
Catalog Company, New York, 1928). 

Details of the biological effects produced by the radiations will be f ,y 
Biological Effects of Radiation, 2 vols., edited by B. M. Dttggae (MeGra* 
London, 1936). 

1. Henderson, G. H., and Turnbull, L. G., Proc. Roy. Soc. A, 145, W! 

(1934). 

2. Ltjyckx, A., Comptes Rendus, 2 me Congres National des Sciences (Bru 

1935). 

3. Mtjnd, W., VAction chimique des rayons alpha en phase gazeuse (Henuat 

Co., Paris, 1935). 

4. Lawrence, T. H., and Lawrence, E. 0., Proc. Nat. Acad. Sci. 22,124 1 , 

Ziekxe, R. E., and Aebersold, P. C., ibid. 134 (1936); Lawbesce, 
, Radiology, 29, 313 (1937). 



(263) 


XXY 

'HE SIGNIFICANCE OF RADIOACTIVITY IX GEOLOGY AM) 
IX COSMICAL CHEMISTRY AXD PHYSIC'S 

1, Determination of the Age of Minerals 

It? velocities of radioactive decay are natural constants eharacteri-tie 
-■•he disintegration processes under consideration, and are indep indent 
fail external conditions. They can he utilized for the measurement of 
•.se. for since they supply us with the functional relation between the 
inwunt of the substance transformed and the time, it is clear that 
velocity of decay enables us to calculate the latter quantity when t he 
r ; -mer is known. Thus we could readily recognize the lapse of an hour 
jahout the aid of a clock if we noted the time taken for the activity 
,f a preparation of ThC to fall to 49 per cent, of its initial value, as 
soured hy a method, say, of steady deflexion. Such methods for the 
Misurement of time have actually attained great importance in geo- 
l.tjfv, the most significant of them being the following: 
ijj Determination of the uranium-lead content of uranium minerals. 
Vi Determination of the helium content of minerals and rocks. 

■: Measurement of the intensity of coloration of pleochroic haloes, 
hall three cases we can readily calculate the time necessary for the 
,-Ament of the values found. 

i .lye Determination from the Uranium-lead Content 
We have already seen (cf. Table 34, p. 143) that uranium, during its 
-u’cessive disintegrations, suffers the loss of eight a-partides before it 
reaches the stable end-product RaG, which is a type of lead. The follow- 
x expression represents this transition: 

17-s 8He-RaG.f 

238 32 206 

Fnm this.and from the disintegration constant of uranium (A — lv>7 ■ 
hi-M year- 1 ) it follows that 1 gm. of uranium produces in one year an 

«ount of RaG equal to 1-57 xlO- 10 X = 136X 10- 10 gm. Thus 

'h mineral contains l*36x 10 -2 gm. RaG to every 1 gm. of uranium, 
i Mows that the age of the mineral is 100 million years. In general. 

’ In the considerations of this chapter we shall disregard the influence of itHino* 
'irejim ) on the results. This is permissible, seeing that 235 U constitutes taw than 
■ mt. hy weight of the element uranium (see p. 221), and hence, in spit** 11 * 
sm rapid rate of decay, the effect of disregarding it does not exceed the limits id 
' ' - the age determinations. 
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the age of a mineral in years is found by this method by dividing 
amount of RaG corresponding to 1 gm. uranium by 1-36 xlu-# 
by multiplying it by 7-4 X10 9 = 7,400 millions. In this way we ok 
the following useful formula for an approximate estimate of the ag 

Age = —7,400 million years; 

where RaG is the uranium-lead content, and TJ the uranium eonte 
the mineral concerned. In this calculation no account has been t 
of the fact that in the course of long periods of time the quantr 
ur anium will have appreciably diminished as a result of disintegra 
and that a somewhat lesser time will have been sufficient to pro 
the amount of RaG found, from the previously greater quantr 
uranium. To a first approximation we do justice to this correct!; 
u tilizing the following formula for the determination of the age < 
mineral; 

Ave =-—- X 7,400 million years. 

s U+0-58RaG 

Thus for the uranium pitchblende from Morogoro (Tanganyika ! 
tory) the ratio RaG: U = 0-093 was obtained, whence it follows thi 
age of this mineral is about 600 million years. In a similar way. tl 
of Norwegian broggerite, for which the ratio RaG:U = 0-127. • 
out to be 870 million years. 

Whereas the Morogoro ore contains no ordinary lead, most uri 
ores have become more or less contaminated by ordinary lead | 
process of geological changes. In making use of the anahds i 
mineral, we must be able to differentiate between this distuibin) 
content 5 and that of RaG, and this necessitates the performano 
determination of the combining weight of the mixture of lead isf 
(RaG+Rb) concerned, from which the Pb and RaG contents % 
mineral can immediately be calculated. Thus the mixture of lei 
topes extracted from uraninite from North Carolina is found t< 
a combining weight of 206-4, from which it follows that <0 per ct 
the atoms of this mixed element are composed of RaG.f 

The stable end-product of thorium (ThD) is also an isotope of lea 
if the mineral contains thorium, the thorium and thorium-lead eo 
must also he taken into consideration in the determination of 
The simpler formula given above for the calculation of the agj 
assumes the following form: 

Age = RaG ~^ T --— X 7,4(10 million years. I 
S U+0-33Th i 

f 206-4 = 0-7 X 206+0-3 X 207-21, where 206 is the atomic weight of RaG, Mj 
the combining weight of ordinary lead. 
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Bat the number of uranium minerals practically free from thorium i< 
^ considerable that the thorium content can often be disregarded t f H , 
3 ,reso because, owing to its greater half-value period, thorium V not 
effective as uranium in the production of lead (factor = (Kith, 
from amongst the minerals whose ages have been determined bv 
:ne method described, a uraninite from the Upper Cretaceous has been 
:„und to be one of the youngest (60 million years). This number thus 
us the age of the Upper Cretaceous System, if we make what 
'nears to be quite a plausible assumption, that the uraninite concerned 
primary mineral, and has not gained access into the formation in 
recourse of a subsequent epoch, in which case it would be secondary. 
The highest reliable values that have been obtained hitherto bv the 
M method amount to 1,100-1,400 million years; they were establishes I 
* maninites from the Middle and Lower Pre-Cambrian. 

On the assumption (cf. p. 235) that the lead isotope ThD, the end- 
induct of the thorium series, is completely stable, we should of course 
'fable to determine the age of thorium minerals from their lead content 
.a a manner exactly analogous to that used for uranium minerals. 
Here we must eventually apply the corresponding simple correction 
hr the amounts of admixed uranium and uranium-lead (RaU), it 
M been found, however, that the ages of many thorium mineral* 
tkulated in this manner are so small (in some cases scarcely 10 million 
rein?), that here sources of error of one kind or another must k in- 
mired. In most cases weathering of the metamiet thorium mineral 
yil leaching out of part of the lead are the probable causes of the ten» 
•mall value of the lead-thorium ratio. All in all, the correct application 
of the methods described to the determination of the age of geological 
formations always entails the careful selection of well-preserved minerals, 
together with proof that they are of primary origin. 

A still more important limitation of the dead method' is based on the 
'M that it is only applicable to radioactive minerals in the narrower 
which contain uranium or thorium as an essential constituent, 
iit not to ordinary minerals and rocks. In these last the quantity «»f 
fflniuni amounts only to from 10 -8 to 10 -5 gm/gm., and of thorium 
hm Hr 7 to 10~ 5 gm./gm. Since, in accordance with the age of the 
rock, the quantity of uranium-lead and thorium-lead formed from them 
^ still smaller by one or two powers of ten, whereas the amount o i 
-rihaty lead admixed in rocks is of the order of magnitude of 
a gm., it is clearly impossible to establish by atomic-weight deter¬ 
minations how much uranium-lead or thorium-lead is present. (Cf., on 
other hand, the 4 helium method’, p. 267.) 

iu some minerals the ratio of lead to uranium has been altered 
37 Aching-out processes in the course of the long periods of time 
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involved, and this constitutes one of the uncertain factors in eonm* 
with the lead method. Tor this reason there is, in principle, some j 
fieation for preferring a variant of the lead method, in which 
determination of the age of the mineral is based on its relative eoi 
of actinium lead (AcD) and of uranium lead (RaG). Since a: 
uranium ( 235 U) disintegrates about sis times as quickly as uranii 
the ratio of the amounts of AcD and RaG formed depends 01 
time t during which the radioactive decay of the mineral has 
ta king place, in accordance with the formula: 

AcD _ Activity due to AcU A (Ul) ^ (eW-r f —1 ) 
RaG Activity due to Ui A (Ac t J) —1 ) 

Since AcD and RaG are isotopes, we can be certain that their 
cannot have been altered by leaching-out processes and the liki 
this ratio can be determined by densitometer measurements t 
hyperfine structure of the spectral line 3,572 A.U. [1]. 

“Experiments so far carried out have shown that this method, 
determination is practicable. Unfortunately several grams of lei 
necessary for this purpose, and its application is therefore limi- 
radioactive minerals. The method cannot be used for the determi) 
of the age of rocks. 

(b) Age Determination from the Helium Content 

As mentioned above, the uranium atom undergoes eight * 
formations before it is converted into RaG. The majority oj 
a-partieles are brought to rest within the mineral, and are retai 
it as gaseous helium, which does not escape until the powdered i: 
sample is dissolved, fused, or heated, when it can be collect! 
measured. Trom the disintegration constant of uranium it i 
calculated that 1 gm. of uranium in equilibrium with its sue* 
products produces annually 1-18 X 10" 7 c.c. helium. The reqrn) 
in years of a uranium mineral is thus found by dividing the q) 
of heli um (measured in c.c.) produced by 1 gm. of uranium in the i 
by 1*18 X10- 7 , or by multiplying it by 8*5 X10 6 ; in this way ve 
the formula ! 

Up 

Age = x 8*5 million years. 

In the analysis of feebly active rocks, with which ve are, 
concerned here, it is usnal to calculate the uranium conten l 
radium content on the basis of the relation that about X 
uranium correspond in radioactive equilibrium to 1 gm. o 
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For this reason it is advisable to insert the radium content 
^•tlv in the above formula, which then assumes the form: 


Age = 2 -sSr years. 


In these expressions the disintegration of the uranium has not yet been 
taken into account, as a result of w inch the values of the age come out 
Inewhat too large (cf. what has been said above in connexion with the 
'ad method). For the exact calculation of the age of bid' rocks the 
f, Hewing formula allows for the disintegration of the uranium: 

years. 


1-47 XlO 10 log 1+4-42X10- 10 , 


When thorium as well as uranium is present in the mineral, it is of 
^arse necessary to make allowance for its contribution to the production 
>: helium. Since the helium method has recently been used frequently 
knocks, and these always contain thorium as well as uranium, it will 
he convenient to give also a formula for calculating ages up to several 
. 10 s years, when the helium is derived both from thorium and uranium: 

He 

26 ~ 0-35 Ra+3-0x 10~ 8 Th yeaK ' 

When the c helium method 5 was first applied to minerals, it gave 
values for the age which were mostly only about one-half or one-third 
ijf the values found hy the dead method 5 . The reason for this was 
trtainly to be sought in the fact that helium readily escapes from 
mv minerals, so that only part of the helium produced by uranium 
and thorium during geological epochs is available for analysis, The 
probability of escape of helium is greater the greater the amount of 
neiium that has accumulated in the mineral, or the greater the activity 
f the mineral. Thus in thorianite, which contains up to 9 c.e. helium 
per gram, the pressure at 0° C. can reach values even higher than -»>n 
atmospheres; the likelihood of a loss of helium from such a mineral is 
so great that we can hardly expect to obtain correct values for the age 
fern it. 

Fortunately, however, the gas-analytical method of detecting helium 
& so sensitive that the amounts present even in rocks can readily be 
itemined quantitatively, and at the same time we can be^certain 
that the whole of the helium has been freshly formed by radioactive 
processes since the solidification of the rock. This is in marked contrast 
% the case of the Tead method’, where only a part of the element lead 
fend in rocks is freshly formed EtaG or ThD, the major portion of the 
Sad having been taken up into the mineral during its formation (see 
tore, p. 265). Nevertheless, it has been found that even rocks that 
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contain only about 10" 5 c.c. helium per gram suffer an appreii 
loss of helium even when they are reduced to powder, and when! 
are left for long periods in contact with the air they may lose u 
60 per cent, of their helium content. The losses are still greater \i 
at any time during its geological history the rock has been heated: 
helium content can be driven off in this way until less than 1 per \ 
remains, more especially when we are dealing with a coarse-grained! 

It has been found, however, that fine-grained rocks have < 
retained the whole of the amount of helium to be expected from j 
geological age and their contents in uranium and thorium. Bv ca 
choice of rocks and by careful treatment of them it is therefore pos 
to obtain reliable values for the age by means of the ‘helium met! 
The evidence for this is not based solely on the fact that the vain 
found are in accord with determinations that have been carried oi 
radioactive inclusions by the ‘lead method 5 and with other geoks 
criteria. The most convincing evidence is supplied by the fact 
rocks taken from the same geological deposit give age determina 
in very good agreement, even when their uranium and thorium eon 
vary. The following example of this has been taken from an iuvei 
tion on the age of KLeweenawan trap rocks: 


Hex 10 3 
(cx.lgm.) 

RaxlO 13 
(: gm./gm.) 

ThxlO 6 
(i gm.jgm .) 

Th:U 

-V 

( 10 * [Jt'ii 

5*36 

1*15 

1*73 

5*12 

555 

2*30 

0*58 

0*63 

3*68 

5&T 


Results in like good agreement have been gained from other c 
rences, so that the applicability of the ‘helium method 5 for the i 
mination of the geological age of rocks may be taken as proven, 
opens up to this method a much greater range of material tl 
available to the ‘ lead method 5 , which is limited to radioactive min 
and there is good prospect that by this means it will be possi) 
construct a complete geological time scale, even on points of deti 
In applications of the ‘helium method 5 to rocks it is none th 
necessary for us to have information on the source of the spec 
and on their treatment before the commencement of the chi 
analysis. Rut this restriction is invalid w T hen the method is appl 
metals, for these are so impervious to helium that even on heati 
helium can escape from them, so that the manner of collectin 
storing it is in this case of no moment. Terrestrial metals eont 
a sufficient admixture of uranium or thorium do not appear to 
frequent occurrence. On the other hand, it has been possible to 
the method to iron meteorites, which contain measurable amoii 
uranium and helium, hut their thorium content is so small that; 
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r yet been possible to take account of it in the analyses, and the 
values found for the age are therefore maximum Tallies, which mav 
be about 30 per cent, too high. They vary between the limits bm 
ifid is00 million years, and in no case that has so far come to uur 
aniiee does the age exceed, that which is assumed for the planets, on tin** 
basis of various astronomical evidence. This result lends supjiorf to 
the assumption that the meteorites belong to the solar system, which is 
irnbable also for other reasons. 

j ge Determination from the Intensity of Coloration cfPleochroic Hah, .< 

The i-rays produce coloration in glass, quartz, mica, and in similar 
materials (see p. 248), the depth of coloration depending on the number 
4 i-partieles that traverse the material. A strong preparation of radium 
produces an appreciable coloration in the course of only a few hours, 
mx the same effect could be produced if a preparation of one-millionth 
the strength -were allowed to act for a period a million times longer. It 
blbwsthat we can construct an empirical scale of colorations, produced, 
say in mica, by different amounts of radium in the course of a day's 
exposure. By means of this scale we can find a rough estimate of the 
time that -would he necessary for an active substance of known strength 
:»»act on the mica in order to produce a given depth of coloration. 

Such colorations actually occur in natural minerals. Thus we are 
familiar with varieties of the following minerals that have been coloured 
i»v means of arrays: rock-salt, fluorspar, spinel, garnet, tourmaline, 
mica, and hornblende, a-particles are emitted radially from the small 
radioactive inclusions in such minerals, and produce coloration within 
i sphere of radius equal to the range of the particles. In thin section* 
these colorations appear as circular patches, and when examined in 
polarized light they 7 show the property of ‘pleochroism"-—whence the 
name "pleochroic haloes 5 . The radius of these spherical colorations 
Amounts to only 0*0034 cm., corresponding to the range in mica of the 
longest a-particles here involved, those of RaC'. 

The exceedingly long interval of time during which these mineral* 
vntaining inclusions have been subjected to radioactive radiations 
aikes it possible in such eases to detect the effect of an amount of 
sdium as small as 10 -19 gm. This amount is a million times smaller 
tkn the amount determinable by electrical means (ef. p. 223). In me 
terminations we must, of course, also know the amount of radioactive 
attmai contained in the inclusion, in addition to the depth ui colora¬ 
tion, This cannot be determined directly, but from a knowledge of the 
theral of which the inclusion is composed, and by measuring its size 
tith a microscope, an estimate of the quantity of radioactive matter in 
the inclusion can be formed, but only very approximately. Moreover. 
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since the intensity of coloration may have been changed during 
logical time by thermal and similar processes, and a reversal may 1 
occurred by over-exposure to the effect of the rays, just like the weal 
ing (reversal) of the image which occurs with a photographic plate, 
method of determining the age of minerals cannot lay great claim 
reliability. 

When attention is paid to details of the coloration, the phenomt 
of pleochroic haloes can be made the basis of a better method 
determining the age of minerals. The uranium mineral, which a 
inclusion forms the centre of a halo, contains all the cx-rayers o; 
uranium and actinium disintegration series in radioactive ecpnkbi 
The various a-rays have different ranges, and the intensity o! 
resulting coloration appears to be greatest towards the end of the n 
(Cf. the io nizin g action of the rays, Fig. 11, p. 2S. However, 
more is known about the nature of the coloration process than 
it consists of a kind of photochemical reaction, and according! 
coloration also varies with the chemical composition of the parti 
variety of mica—cf. p. 248.) An especially striking similarity t 
action of light on a photographic plate consists in the fact that cli 
intense regionsof blackening there are developed zones ofparticnlar 
ness (‘Eberhard effect’, cf. p. 248). All this has the result that tier 
of the various a-rayers manifest themselves in the microscopic imt 
a pleochroic halo in biotite mica as separate rings (see Fig. 52, Pla, 
[2] By special technical means (halo photometer) it is possil 
record photometrically the intensity of blackening along thedia 
of a halo. Fig. 53 shows the curve of blackening correspondmg' 
halo in Fig. 52, and Fig. 54 gives a composite tracing of the ri 
for two normal haloes (uranium). In this last figure the kinks 
curve are designated by letters, and the rings in the halo whieh i 
detected optically are indicated below the figure. The distan 
these kinks from the centre of the halo can be accurately me? 
and by taking account of the chemical composition of the maten 
ranges in air can be calculated from them (range in mica — £-5 
of the range in air). For the kinks in the curve designated 1 
letters A to J the average values (Table 50) of the ranges were fa 
From this table we see that the point A agrees with the end; 
range of the a-particles from RaC'; D with RaA; F with t e 
equal ranges of radon and polonium; H with Ra, Io, an n» 
with Uj. It is thus possible to account for all the a-rayers ■ 

uranium-radium series. , 

The maxima of the curve of blackening (B, FI, G, and ) awe 
ally no simple relation with the ranges, but the minimum p 
to be explained. This appears to correspond to the end oi tne. 
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f the a-particles from aetinon and AcC. Since the parent substance 
ftiie actinium series, aetino-uranium, has a shorter half-value period 
•yn uranium I, it is to he expected that the ring corresponding to 
An— AcC) will' be found to stand out more strongly relative tokhe 



Fig. 53. Photometer Record of a Normal Halo in Biot it e 
(Murray Bay, Quebec). 



Fig. 54. Composite Photometer Record of Normal Haloes in 
Biotite from (a) Mt. Apatite, Maine; ( b ) Murray Bay, Quebec. 

Table 50 


Dimensions of the Halo Bings (Uranium Halm) 


1 A 

B 

C 

| D 

E 

F 

G 

H / J 

Halii in 

ak-rons 34*4 

30*5 

27*1 

23*1 

20*6 

19*7 

16-9 

].i-6 13 4 »•' 

A ir equivalent 

a cm. 6*97 

6*19 

5*50 

4*69 

4*18 

4-00 

343 

3-16 2-32 If 


otkrs, the greater the age of the halo. This has been found to he the 
and the photometric measurement of pleochroic haloes can he 
tel, on the strength of this fact, as the basis of a method for the 
termination of geological time. 

Cp to the present even this improved method has not yielded sueh 
imirate results as the lead or the helium methods, and it is also far 
from being so generally applicable as the latter methods. But the 
testigations on pleochroic haloes merit attention for other reasons 
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also. The agreement of the ranges found in them with those which 
now be observed affords proof of the fact that even millions of vs 
ago the ranges of the a-raying radioactive substances, and hence 
their rates of decay (cf. p. 105), were no different from what thev 
to-day. A ring of radius 42*6^, corresponding to the range of I 
(8*62 cm.), is occasionally found along with the rings that are due to 
uranium-radimn series and the actinium series. Hitherto, longer raj 
have never been observed in the haloes, but shorter ones of j 
8 * 6/1 and 5-2y and of uncertain origin have been found. The oc 
sponding ranges in air w r ould be 1*74 and 1*05 cm. Whereas the In 
may be due to samarium (B = 1*15 cm., see p. 235), the range of K| 
is perhaps to be attributed to an a-rayer as yet unknown, and a fur 
study of pleochroic haloes may prove fruitful in its discovery. 

Analogous results to those obtained with the uranium family 1 
also been obtained by observations with the halo photometer of j 
chroic haloes due to the thorium family in biotite mica. The rad 
the five rings observed in thorium haloes satisfactorily account fc 
the a-particle ranges of the thorium series. The results are show 
Table 51 (cf. Table 1, p. 22). The last result in the table probabli 


Table 51 


Dimensions of the Halo Rings (Thorium Haloes) 


Radii in microns 

41*80 

33*5 

27*77 

23-86 

; 2 o*oo j 

i5*2 : 

Air equivalent in cm. 

8*55 

6*85 

5*68 

4*88 

1 4-09 : 

L . ; 

3*10 

Origin 

ThC' 

RaC' 

ThA 

Tn i 
ThC i 

] ThX j u n ! 
RdTh Io 

Ra | 


the same origin as the range 1*05 cm. found in the examinatif 
uranium haloes. On this assumption, the mean radius of 40 such 
w r as found to be 1*18 cm., with a probable error of 1 per cent. The* 
of the range found for thorium is of particular interest, as recent t 
obtained directly in a Wilson cloud chamber differ appreciably 
and 2*87 cm.) [3]. 

2. The Distribution of Radioactive Substances 

It has already been pointed out in Chapter XXII, on the extra 
of radioactive substances, that uranium and thorium minerals set 
sources for all the radio-elements of long life. In particular, the ei 
tion of radium from pitchblende and from carnotite w T as then desei 
It will serve a useful purpose if w r e now r give a summary (Tab! 
of the most important uranium and thorium minerals that may be 
for the extraction of radium, mesothorium, and their disintegi 
products. 
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Table 52 

Summary of the Most Important Radioactive MintmU 


I. Uraxium Minerals 


yarn of mineral 

Chemical constitution 

Content of 
L 3 O s 

3 /Oft hnjMrtant !*nncni> 
fajinillWtptrtirx 

Pitchblende, ura* 

Uranium oxide. 

60-90% 

Black, rnuiid,*«i 

juniw 

(U0 2 with U0 3 ) 


rna>>*_>. rarely » ryvfaL*"* 




’ greeukh-gnvj *rrrak„ 

ornotite 

Potassium uranium vana- 

55% 

Greenish-veil <w 

1 

dinate. 


! and noduka.. 

! 

j 

K 2 0 • 2UO a • V 2 0 5 -r 2H 2 0 



.Ltinire, calcium ; 

Calcium uranium phos¬ 

63% 

< r Canarv-grm* f ,ur* 

ainiuxn mica | 

phate. 


: cornered platen. 

! 

CaO • 2U0 3 • P 2 0 5 -f SH 2 0 




iU*olite,copper-1 Copper uraniumphos- 61% I Enmld.sjtmj f., u r- 

uranium mica | phate. i comeivd 

CuO • 2UO a ■ P 2 0 5 -r 8H a 0 

Vnnium ochre Various uranates and c. 17% I Intense yellow, mn,h> 

! -uranium sulphates | , or iu taiglH 

Cdksolite Lead uranium silicate. 48 % Yellow, carthv. 

3(PbO • U0 3 • Si0 2 ) -r 4H 2 0 

Fiibarite | Thorium lead uranate ; 27° 0 , with Yellow, knum, 

I ; 31% ThO* 

The other uranium minerals, like broggerite, deveite, etc., have so far Wn k L , 
*t*jLomie importance. 

II. Thorium Minerals 

4 '■ _ _ ^ | Content of Mont impc/riant mihmi- 

Ai mm of mineral | Chemical constitution Th0 2 logical prvptrttr* 

Ivimzite Phosphates of the Cerium Up to 18%, Monoclinr. 

Earths + Th with 31-3% 

Ce0 2 

Ihirite, orangite ; ThSi0 4 -fH 2 0 : Up to 81*5% Tetragonal, 

with ziruan ZrSiO,, 

Thermite (ThU)0 2 o3° 0 » with Regidar, related t-n-nr- 

47° 0 UC) 2 tallized uraiuurn pit > h* 

blende. 

It will Be noticed from the above tables that pilbarite and thorianite 
are minerals intermediate between those of uranium and those of 
thorium. 

Noteworthy is the fact that even minerals like broggerite and thori- 
aaite, although they are very old and strongly radioactive, have been 
ilk to retain completely or in large measure the original arrangement 
of their crystal lattice, as has been established by means of investiga¬ 
tions i^ith X-rays. Nevertheless, it can be calculated that about ever}’ 1 


Nn 
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eighth uranium atom must have disintegrated since the broggerite i 
formed, and the crystal lattice must have been traversed bv about 
many a-particles as there are uranium atoms contained in the laid 
Small quantities of thorium, uranium, and of their disintegrate 
products can be detected in rocks, in fresh- and in sea-water, in f 
atmosphere, and in meteorites. To establish the presence of thorii 
or of uranium it is customary to measure the constant amount of thoi 
or of radon present in the material, since these can readily be recosniz 
The mean uranium content of 1 gm. of rock in the earth's er 
amounts to 4xl0~ 6 gm., corresponding to 1*3 X10- 12 gm. of radii 
the thorium content being 1*6 x 10 -5 gm., but these values vary v 
much with the nature of the rock. Acid rocks are much more stron 
active than basic rocks. Further information on this subject is & 
in Table 53, which contains the uranium and thorium values for van 
granites, basalts, and deep-seated rocks, and in which the potassi 
contents of the rocks are also entered, as well as the amount of fa 
generated per annum by all these radioactive constituents. We si 
return to the geological significance of this production of heat in 
next section. 

Table 53 


Radioactive Content and Heat Production of Different Roch 




1 gm. of rock 




contains 


i 

Type of rock 

Uranium 
(10 ~*gm.) 

Thorium 
(10 ~«gm.) 

Potassium 
(10~ 2 gm.) 

yields per emu. 
heat 110”* rai 

Granite . 

9-0 

20*0 

3*4 

12*1 ’ 

Grano-diorite . 

7-7 

1S*0 

2*5 

10*5 

Dioriie 

4-0 

6*0 

1*7 

4*S 

Central basalts: 
Continental . 

3*5 

9*1 

1*9 

5*1 

Oceanic. 

3-6 

7*1 

1*8 

4*7 : 

Plateau basalt . 

i 2*2 

• 5*0 

0*8 

3*0 

Gabbro . 

! 2*4 

5*1 

0*7 

3*2 

Eclogite . 

j 1*0 

1-8 

0*4 

1*3 i 

Peridotite. 

1*5 

3*3 

0*8 

2*0 

Dunite 

1*4 

3*4 

0*03 

: 1*9 : 


According to their chemical composition, stone meteorites are 
more strongly basic than the ultrabasic terrestrial rocks; in good &j 
ment with this is the fact that the average uranium content of 20 a 
meteorites has been found to be 3*6 x 10~ 7 gm. The uranium eo i 
of iron meteorites is still smaller; on the average it amounts to 
9x 10~ 8 gm., corresponding to 3x 10" 14 gm. radium. From the I 
commonly occurring terrestrial metals only one specimen has; 
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accurately examined up to the present; copper from Michigan contained 
^ than 6 X10~ 9 gm. of uranium. 

Ik radium content of sea-water is about a thousand times less than 
liat of the earth’s crust, and averages between 10 ~u m( \ i(r i« gm> 
, er e.e. Samples taken from near the coast are in general more active 
tW those from the high seas. In the Pacific Ocean and in the Polar 
vas the radium content is smaller than 1 X1Q~ 15 gm.; in the Atlantic 
skan the values fluctuate between 0-3X 10~ 15 and 40./ 10gm. per 
t , e< (this high value was observed near the Irish coast). In the Adriatic 
the value 2 x 10~ 15 gm. per c.c. has been found. 

The radium content of large rivers is of the same order of magnitude 
i» that of sea-water. Much greater activities are found in a few ‘railio- 
idive’ spas and thermal springs. Their greater radioactivity is usually 
he only to radon that has been taken up by the water in its jassagt* 
through rocks of good emanating power, and containing radium; be- 
mse of this, the activity is not constant. One of the most active m aters 
is that from the Joachimstal mines, which contains 7 HJr w curies 
1/r ;\(i50 mache units per c.c. The emanation content of various springs 
s riven in Table 49, p. 227. In the water of individual springs, however, 
the element radium has also been detected in strikingly high concentra¬ 
tion, Thus spring-waters in the neighbourhood of the thermal springs 
it Gastein contain 10“ 13 gm. radium per c.c., or about 100 times as much 
i* the water of the seas and rivers. A distinctly higher radium content 
has been found in the water of certain petroleum bore-holes; in Germany 
up to 5 X 10~ 12 gm. radium per c.c. has been found, and in the northern 
Caucasus there are mineral oil sols that contain up to l(r 10 gm. radium 
per c.c. It is not impossible that there may be a connexion between this 
concentration of radium and the genesis of the petroleum oil-fields, say 
tv the storing of barium or uranium by the organisms responsible for the 
formation of the petroleum. In like manner attempts have been made 
to explain the occurrence of sources of helium in the regions from 
which petroleum is obtained. 

Since the soil always contains radium, emanation is constantly diffus¬ 
ing with the soil gases into the atmosphere, but as we ascend to higher 
levels above the ground the amount of the emanation and of its dis¬ 
integration products steadily becomes less and less, in consequence oi 
their decay. The concentration of emanation in the soil gases depends 
naturally not only on the radium content of the rocks concerned, hii 
also on the prevailing physical conditions. In general, the gases 
smite formations are richest in emanation, and those of sandy grow®! 
poorest. Rain and frost keep the emanation at lower levels, when* 
th effect of strong sunlight on the ground, of winds, and of ditnimsm* 
Atmospheric pressure is to facilitate its escape into the free atmospheii 
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The average emanation content of the ground gases amounts to 2 v 
curie per c.c., and that of the free atmosphere 1-3 x 10~ 16 curie, or on 
one two-thousandth part of the amount. Accordingly, the atmosphe 
contains on the average about 1-6 atoms of emanation in 1 c.c J 
taking into account the decay of the emanation, it can he calculati 
that 1 cm. 2 of the earth’s surface gives off roughly 4xlCH 7 curie 
emanation to the atmosphere per second. 

The conditions are quite different out at sea. In mid-ocean t 
emanation content of the air amounts to only about 1 per cent, of i 
mean value over land, whereas near the coasts much higher values a 
found, especially with a land breeze. Trom this it follows that t 
emanation content of the air over the sea is derived mainly from i 
land. This is consistent with the fact that the disintegration produi 
of thoron and actinon can also be detected in the air over land surfae 
but not over the sea, since these two forms of emanation are too ski 
lived to be able to traverse long distances. 

A small activity is also found in atmospheric precipitation. Rain a 
snow do not carry down with them the gaseous emanation, hut t| 
do pick up its solid disintegration products that are suspended in ! 
atmosphere, and in this way they derive their activity. 

Attempts have frequently been made to detect spectroscopically r 
occurrence of uranium, radium, and thorium in the stars, but ■ 
evidence is not yet unequivocal. At the same time it is almost cert; 
that these three elements are present at least on the sun, for since 1 
earth has been formed from the material of the sun, and we can 
assume the new production of the initial members of the radioact 
disintegration series on the earth, uranium and thorium must at t 
time have also been represented in the solar material. Moreover, si 
the process of radioactive disintegration takes place in the of 
layer of the sun presumably exactly as on the earth, it is rende 
extremely probable that the whole of the later members of 
uranium and thorium series are also available in the material 
the sun. 

3. Thermal Consequences of the Distribution of Radioaci 
Substances 

Since it was established that radioactive substances occur in 
terrestrial rocks, our views on the thermal development of the el 
have changed accordingly in a decisive manner. Before the diseo| 
of this source of heat it was regarded as certain that, after its separa? 
from the sun, the earth was in the molten state, and that from this i 
onwards it tad continuously cooled until it attained its present temp 
ture. On this view, however, science was led to a contradiction, to 
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;Ut according to physical calculations the time taken up by the cooling 
-»es 3 should not have amounted to more than about 20 million rears, 
ijereas it was necessary to assume a multiple of this period for the 
.r logical development of the earth. This conviction of geologists has 
T«awhiie acquired a complete confirmation by the age determinations 
jammed in § 1 of this chapter. The very vide distribution of radio- 
jrive substances in terrestrial rocks led to the recognition of a new 
, orcf of energy, of which no account had been taken by physicists 
* their earlier calculations. Since all radioactive substances produce 
teat (see p. 246), it is clear that the cooling of the earth must at least 
ate been retarded as a result of its content of the radio-elements. 

Be annual production of heat by uranium and thorium with their 
^integration products, and also by potassium, are shown in Table 54. 

Table 54 

Innual Production of Heat by Uranium, Thorium, and Potmmum 

3 of uranium in equilibrium with its disintegration products gives 7*9 >; 10" 3 ; 

; 3 , of thorium in equilibrium with its disintegration products gives 2*3 X 10" 1 cal ,; 

; 3 of potassium gives 1*2 x 10" 5 cal. 

It is seen from this summary that the production of heat per grain 
i potassium is by four powers of ten smaller than that of uranium and 
w-rium. but from the geological point of view, owing to the more wide¬ 
spread distribution of potassium in rocks, its thermal contribution is 
,-riy by one power of ten less than those of uranium and thorium. 
RiMium, on the other hand, can be neglected owing to its rarity. The 
ierelopment of heat by various rocks containing uranium, thorium, 
ad potassium, calculated on the basis of the above numbers, has 
•ready been given in Table 53, p. 274. 

border to be able to state with certainty anything about the total 
amt of heat developed by radioactive processes in the earth, it 
1 -all be necessary to know not only the uranium, thorium, and 
xtMsium contents of the rocks of the earth's crust, but those of the 
-utli as a whole. On these points, however, there are as yet no reliable 
uta available. On the "basis of chemico-geological considerations it is 
probable that uranium and thorium have been concentrated mainly in 
lithosphere. If the assumption be made that the rocks are still 
ndkaetive only down to a depth of 16 km., and that the average 
^.thity is equal to that of the surface rocks, the heat produced in this 
is already sufficient to balance completely the amount of terrestrial 
"at row given out into space. In other words, on the basis of this 
of radioactive substances, the earth could have retained its 
temperature throughout geological epochs of unlimited duration. 
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As a matter of fact, it is extremely improbable that the deeper cry 
layers of the earth are entirely free from radioactive elements. 1 
view is supported by our physico-chemical knowledge on the dktr 
tion of the elements between the various layers of melts, and a’s 
the analyses of meteorites mentioned above. The uranium comer 
iron meteorites (see p. 274) renders it almost certain that even in 
innermost core of the earth, which most likely consists chiefly of j 
uranium is still present. We must therefore discuss the question j 
what results follow when the earth’s content of radioactive substa 
is so significant that their production of heat not only suffices to n 
tain the continuous flow- of heat from the earth’s interior to the sir 
and beyond into space, but also brings about a heating of the ini 
of the earth. Geologists have drawn attention to the fact that 
such an assumption would suffice to explain many hitherto puz 
facts of the earth’s history, such as geological cycles, mountain fc 
tions, and perhaps also the displacement of the continents. Thee 
of heat would result in a fusion of deep-seated layers and this v 
necessarily call forth powerful movements in the earth’s interior. ? 
movements would then again create the possibility of cooling 
fre ezing of the layers concerned, until after millions of years i 
would again take place in a new cycle. Owing to the uncertainty 
the assumptions on the quantity and distribution of the radio! 
substances in the earth, these considerations are for the time 
strongly hypothetical, and for this reason we shall not discuss th 
greater detail. 

4. Ionization of the Atmosphere. Cosmic Radiation 

It has long been known that atmospheric air is always ionize* 
certain degree, and to this is due its ability to discharge elect) 
charged bodies (cf. p. 7). Owing to their tendency to reeombin 
and also because of the electrical field of the earth, these atmos 
ions would necessarily vanish in a few- minutes, if provision we 
continuously made for their formation afresh by one or anothe 

of ionizing agency. _ 

The presence of radioactive substances in the earth andtosome. 
also in the atmosphere itself suggests the idea of regarding the, 
tion of the air as a consequence of the rays emitted by these subs) 
Trom the quantity of ions present on the average near to the gro 
the atmosphere, and from the velocity of their recomhinatioi 
necessary to conclude that 10 to 13 pairs of ions are ftes \ ipmf 
second per c.c. The question now arises whether the quantr 
distribution of the radioactive substances suffice for the erpi 
of this ionization. 
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In the Study of this question a very curious phenomenon presented 
C «IF. Although the amount of the radio-elements in the atmosphere 
xfitinnously diminishes with increasing distance from the ground i>ee 
:> dT5 et seq.) 5 and the effect of the gamma radiation emitted by the 
earth in the same direction must also diminish, it was found in balloon 
sights that the ionization produced in gamma-ray electros cojjh?s in- 
otaas again in the higher levels of the atmosphere. The explanation 
^tdd only be that a penetrating radiation not of terrestrial origin is 
present, which, owing to the smaller absorption by the earth’s at mu- 
inhere. will, of course, manifest itself more strongly at greater heights. 
Further investigations have shown that this radiation differs not only 
jc its origin hut also in its large amount of energy from all types of 
radiation known to be due to the atomic disintegration of radioactive 
stances. 

The flux of energy of this ultra- or cosmic radiation striking the earths 
guifaee per second is by no means insignificant, but amounts to 3*5 - Itr 3 
?rs per sq. cm. It is thus equivalent to the stream of energy of several 
mdred ^-particles per sq. cm. per second, and of about the same 
signitude as the luminous and thermal energy that reaches the outer 
climes of the atmosphere from all the fixed stars. 

With sensitive apparatus it has been possible to detect this abnormally 
penetrating radiation also at sea-level, where it effects the formation 
m the atmosphere of about 1*5 pairs of ions per c.c. per second (if. 

2S2). By the use of self-registering electrometers sent up inti# the 
Atmosphere with sounding balloons, the variation of the ionizing effect 
:d:s penetrating radiation has been measured up to heights of about 
ykm. At this height the pressure of the atmosphere is only 22 mm. 
tmercury, so that it is only necessary to take into account 3 per cent. 
■Me atmosphere as the absorbing medium above the ionization chain - 
oer. At this level in the atmosphere the ionization rises to the value 
i 3301.1 Conversely, when self-registering electrometers were sunk 
iskkes, the ionizing effect of this radiation diminished continuously, 
4sdat a depth of 250 metres it amounted to less than 0*01 L or less 
tian one-thirty-thousandth part of its value in the uppermost layers 
I the stratosphere. These experiments show that this radiation pene¬ 
trates through the atmosphere from outside, and that it requires a layer 
250 m. of water to render its effect practically negligible, so that it 
possesses a much greater hardness than the hardest y-rays known to us. 
It has been possible to obtain more exact information on the direction 
Me rays by using two Geiger counters arranged some distance apart, 
2st»d of an ionization chamber, for the detection of the %> VV hen 
of the counters is arranged vertically over the other counter, the 

f 1 1 = I pair of ions per c.c. per second. 




280 


radioactivity in geology 


Chap. X 

two counters give simultaneous registrations more frequently th. 
other relative positions of the counters. The simultaneous funet 
of the two counters is obviously brought about by penetrating pa 
that shoot through both counters, and the fact that this phenol 
arises more frequently when the counters are arranged one vertical! 
the other proves that this kind of radiation approaches the earth i 
in a vertical direction. Insertion of sheets of lead between the co 
only slightly diminishes the number of simultaneous discharges (■ 
dences), and this proves that we are here confronted with an 
ordinarily penetrating kind of radiation, and thus manifestli 
cosmic rays. The fact that the rays preponderate in the vertical 
tion is most simply explained on the assumption that the radiatk 
is incident on the earth’s atmosphere is more strongly absorber 
other directions on account of the greater thickness of the atmc 
then traversed. 

Although the major part of the radiation is constant at a giver 
slight fluctuations have been detected, and these seem to be rel 
the time of day and year, and to irregularities in the earth’s magi 
On the other hand, it has been found that it shows clearly a depe 
on the geographical latitude of the place of observation. When d 
places at sea-level are compared it is found that the intensity 
radiation is smallest at the equator, that it rises in value noi 
south of the equator, and reaches a 14 per cent, higher vah 
latitude of 50°. This last value is maintained from there to th 
At a height above sea-level of 4,000 m. the percentage inci 
intensity with geographical latitude amounts to over 30 per cer 
dependence on latitude renders it extremely probable that an e 
part of the radiation consists of charged particles. i 

The best experimental tool in the study of the nature of ■ 
particles is the Wilson expansion chamber (see p. 19). The apg 
of this method to the penetrating radiation was rendered more, 
by the fact that, owing to the small absolute intensity of the ri 
at sea-level, cloud tracks which could be ascribed to the cosmic ri 
were to be found naturally on only a small fraction of the 
photographs. But by combining the Wilson chamber with th< 
mentioned device of the dual Geiger counter, it was possible b> 
of a self-releasing mechanism to effect the working of the 
chamber always only at the moment when a penetrating part 
traversed both counters and the Wilson chamber. By this mi 
number of successful exposures was more numerous, and the i 
the plates obtained in this way was exceedingly fruitful. It vi 
that the penetrating radiation consists of approximately equal 
ties of positive and of negative electrons (positrons and e 
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jo#®** exceedingly high energy values of 11/ to It/ elect ron volts. 
C 1 i a individual eases as high as 10 1() e.V. 

This explains, the results on. the geographical distribution of the 
penetrating radiation. Theoretical considerations closely related to 
the explanation of "why the aurora only occurs in the neighbourhood 
,f the poles (cf. p. 283) lead ns to expect that positive and motive 
electrons that are incident on the atmosphere from outside must 
m energy greater than 10,000 million electron volts in order that they 
may strike the earth at the equator. At a latitude of 3 m even less than 
million electron volts and at a latitude of 45 : 4,000 million elect n >n 
volts suffice for them to reach the earth. Round the poles north and 
south of latitudes 45° still smaller energies should suffice, if account had 
io be taken only of the magnetic field of the earth; but since a smaller 
energy is insufficient for the rays to penetrate the atm--: ho m 
further increase in the intensity is to be expected beyond these lat it ude*, 
Mid as already mentioned no further increase has been observed. In 
order to understand why the rays are able to penetrate to a depth of 
M) m. in water, we must assume that some of the electrons and 
positrons possess an energy of more than 100,000 million electron volts. 

The nature of the true ‘cosmic 5 radiation which enters the outer 
atmosphere from beyond need not necessarily be the same as that ob¬ 
served at sea-level. Thus it has been found that at a height of 
the intensity of the radiation coming from the west is 35 per cent, higher 
than that of the radiation coming from the east; this seems to indicate 
that in this case most of the incident particles consist of positron,*. 
Apart from the tracks of individual particles, however, the photographs 
obtained with a Wilson cloud chamber also show the sudden and simul¬ 
taneous appearance of a large number of tracks, all of which originate near 
one point within the Wilson chamber. From their position and t he direc¬ 
tion of their magnetic deflexion, these tracks seem to be due to electrons 
and positrons. The interpretation of these ‘showers' is probably that 
under the influence of the extraordinarily energetic cosmic radiation, 
wten an atom is struck it is caused to disintegrate ex:*k->:vv!y and 
thus gives rise to new tracks, but the more detailed mechanism ui t In 
production of showers has not yet been elucidated. Other penetrating 
wane-ray particles have also been detected. Lighter than prot« ms 
ttese ‘heavy electrons’ are probably produced in the upper atmosphere 
Still less is known about the mode of origin of the cosmic rays that 
their nature. Their practical uniformity by day and night shorn \ 
the sun is not the principal source responsible for the rays, anj 
sace no connexion with sidereal time is observable, the Milky \V ay | 
Stewise excluded as the place of origin of the rat's. 2s either can tlj 
sserior of the stars be held responsible, for the energy of the radktki 

oo 



282 RADIOACTIVITY IN GEOLOGY Chap. Q 

-w-ould be reduced in its passage through the material of the stars, 
the only sources that call for consideration in the production o 
radiation seem to he the outer layers of the stars, nebulae, or the 
stellar matter present in space. But at the present time we know 
process of transformation of matter in which energies of 10,000 n 
e.V. and more could be produced. Not even the hypothesis of the 
annihilation of matter seems adequate for the purpose, for the con 
disappearance of the mass of a proton supplies only 1,000 millioi 
and we can hardly conceive the possibility that heavier atomic 
vanish and in so doing transfer the whole of their energy to a \* 
or to a negative electron. For this reason, recourse has even been 
to the conception that the cosmic radiation was formed at a mnch« 
period in the development of the universe, when processes now uni 
to us were still possible, and that the radiation then product 
circulated uninterruptedly since that time in the universe, which a 
ing to some modern theories is a closed system. Owing to the excee 
ratified distribution of matter in the universe, a ray that had tra 
the entire universe would have experienced only about one-hun 
part of the absorption that would be effected by the earth’s atmoi 
The contribution of the cosmic radiation to the ionization 
atmosphere in the neighbourhood of the earth’s surface, as mer 
above, is relatively small; a rough calculation shows that the es 
part of the ionization of the air is accounted for here by the radi» 
substances in the atmosphere (especially the a-rayers Rn, Ra.l 
Tn, ThA, ThC). In addition, the j8- and y-radiation from the 
active substances contained in the earth is of importance, as 
seen from the following Table 55, in which I denotes the forma 
a pair of ions per e.c. per second. 

Table 55 

Ionization in the Neighbourhood of the Earth s Surface 

By the a-, J3-, and y-rays from radio-elements in the air . • * * 

By the jS- and y-rays from radio-elements in the earth . * 

By the cosmic radiation . 

Total effect of all known ionizing agents . . * 

In view of the uncertainty of the bases of the calculation, th 
ment with the empirical value of 10-13 ions given early in this 
is satisfactory, so that it is not necessary to regard any ot er a 
ionization, such as ultra-violet light, as of essential impo and 
production of atmospheric ionization. As already mention 3 
practically no radioactive substances present over t e ocea 
accordingly it has been possible to calculate that the very s g 
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•ion of the air over the high seas is to he regarded as primarily due to 
•be effect of cosmic radiation. 


5. The Aurora 

Recent investigations have shown that the phenomena ofthe northern 
lights can he explained as a consequence of the penetration < ,f elect r< 
emitted by the sun into the earth's atmosphere. The occurrence ofthe 
jurora in polar regions and the obvious impossibility of their products in 
ia low latitudes, as veil as the details of their form have hern made 
intelligible as an effect of the magnetic field ofthe earth on the path of 
-he electrons (see above, p. 281). However, no details are as yet known 
,,n the mechanism of the emission of electrons from the sun. «;*•*•> 
ifthe earth's atmosphere are excited to luminescence by the electrons 
The existence of nitrogen is revealed spectroscopically by the pro*-:;.*- 
,,f the first positive group of nitrogen bands in the red. and the red 
ud green lines (A = 6,300 and 5,577 A.) characteristic of the aurora 
hwe been identified as oxygen fines. These results are of : .ir\. A: 
aterest inasmuch as they prove that even at the greatest heights at 
which the northern lights have been observed in the atmosphere i t- 
up to several hundred kilometres, nitrogen and even the heavier gas 
oxygen are still present. 
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XXVI 

THE HISTORICAL DEVELOPMENT OP THE 
SCIENCE OF RADIOACTIVITY 


Ox the 24th of February 1896 Henri Beequerel read a paper before 
Academy of Science in Paris in which he stated that compound 
uranium emit rays that are able to affect a photographic plate thr< 
material opaque to light. This casual observation was the stan 
point in the development of a new branch of knowledge, to wit, n 
activity4 After Becquerel’s discovery, numerous substances 
tested for similar properties to those shown by uranium, and 
result the radioactivity of thorium was discovered by C. G. Seh 
and by Mme Curie (1898). In the same year the systematic invea 
tion of different uranium materials led Pierre Curie and his wife t- 
discovery of two markedly strong active substances in pitchblende 
of which was separated along with bismuth and named ‘poloni 
whereas the second, ‘radium 5 , was found to give similar reactio 
salts of barium. Further investigation revealed the fact that it is 
difficult to concentrate polonium (Marckwald), but that radium 
substance sufficiently long-lived to permit of its preparation in is 
able quantities, and at the same time sufficiently short-lived to 
in a high degree the typical properties of a radio-element. In adt 
to these radium showed several other favourable properties, such i 
production of a gaseous succession product of not too short life, 
amongst the most important of the remaining radioactive substi 
first actinium (1899) was discovered by Debierne and by Giesel. 
radio-lead by X. A. Hofmann, and radiothorium (1905) and 
thorium (1907) by Hahn. In the year 1907 ionium was discova 
uranium minerals by Boltwood and almost simultaneously b\ 
and Marckwald, and in the same year N. R. Campbell sueem 
establishing the radioactivity of potassium and rubidium. In 
eovery of an additional radio-element of long life, protoactiniun 
not made until the year 1918 by Hahn and Meitner on one hand a 
Soddy and Cranston on the other. In 1932 Hevesy and Pahl foun 
samarium was a radioactive substance. The production of w 
radium was observed at an early stage, but first measured m tb 


t Beequerel was investigating all kinds of fluorescent substances, becaineattl 
a connexion, was thought to exist "between fluorescence and X-rays, u 
was first, found with fluorescent salts of uranium. He recognized a er 
uranium send out rays, so that fluorescence has nothing to do wit en P 
As has often happened in the history of science, this discovery cons i u 
has termed * deserved good fortune \ 
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lj03 by Curie and Laborde; an especially accurate determination of this 
•important quantity resulted later from the investigations of Schweidler, 
<L }f eT er and Hess, and Rutherford. 

By the discovery of radioactive substances a new and powerful field 
:f natural phenomena was opened up, but at first there was laekirnr a 
^factory linking up of the numerous inexplicable individual pheno- 
jssna with each, other, as well as with the phenomena met with in 
other physico-chemical studies. Light was first shed on these problems 
by the disintegration theory, formulated by Rutherford and S My in 
the year 1902. According to this theory the emission of radiation bv 
radioactive substances is a phenomenon consequent upon atomic* trails- 
formation, and the theory made it possible to deduce quantitative 
information on the process of transformation from the nature and 
intensity of the radiation. The idea of a development of inorganic 
miter had frequently been conjectured in the course of the history 
i chemistry, and by virtue of the disintegration theory and the un¬ 
bounded evidence in its favour, it has established itself K-rm.i::-:/!;, 
lathe fabric of our knowledge. The disintegration theory of .Rutherford 
ad Soddy has thereby achieved the distinction of becoming one of the 
most important theories in natural science. 

The investigations that resulted from the formulation, of this theory 
it first proceeded mainly in two directions. First it was necessary to 
examine the nature of the rays from radioactive substances, and then 
to reveal the sequence of the transformation processes and the proper¬ 
ties of the radio-elements. 

In 1899 Giesel, St. Meyer and Schweidler, and H. Beequerel had 
already established the fact that part of the radioactive rays could he 
deflected in a magnetic field. A few years later Rutherford and hi* 
co-workers succeeded in identifying the exact nature of the a-. S-. and 
“-rays. Of particular importance for the recognition of the nature o! 
the i-rays was the work of Ramsay and Soddv, and of Rutherford and 
Royds, who showed that the rays are charged atoms oi helium. P. I uric 
tad already observed that they have a definite range, and the study of 
their properties was mainly the work of W. H. Bragg. Geiger. Mamlen* 
Sfeeman, Mine Curie and her collaborators, Rausch von fraubenber^ 
ffld others, Elster and Geitel on one hand, and Crookes on the otfaer| 
aide the observation that a-rays are able to excite scintillations in xirj| 
sulphide screens, and this proved to be of great practical importari™ 
Segener was the first to make quantitative counts of scintillations, ft j j l 
® a similar way Rutherford and Geiger succeeded in determining mm 
amber of a-partieles emitted per second by 1 gni. of radium, 
tk charge of an a-particle. Schweidler was the first to direct te.i-uaa 
to the statistical nature of radioactive disintegration. 
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uranium minerals by Boltwood and almost simultaneously by 
and Marckwald, and in the same year N. R. Campbell succeec 
establishing the radioactivity of potassium and rubidium, lb 
covery of an additional radio-element of long life, protoactmiun 
not made until the year 1918 by Hahn and Meitner on onehand a 
Soddy and Cranston on the other. In 1932 Hevesy and Pahl foun 
samarium was a radioactive substance. The production o « 
radium was observed at an early stage, but first measured m ffi 


t Becquerel was investigating all kinds of fluorescent substances, became ax tl 
a connexion was thought to exist "between fluorescence and X-raj s, , 

was first, found with fluorescent salts of uranium. He recognized later , 

uranium send out rays, so that fluorescence has nothing to do wi . , . 

As has often happened in the history of science, this discovery cons i 
has termed ‘deserved good fortune’. 
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isOJ by Curie and Laborde; an especially accurate determination 0 f thi* 
ajwrtant quantity resulted later from the investigations of Schweidler 
vjlever and Hess, and Rutherford. 

By the discovery of radioactive substances a new and powerful field 
cl natural phenomena was opened up 5 but at first there was lacking a 
^factory linking up of the numerous inexplicable individual pheno¬ 
mena with each other, as well as with the phenomena met with in 
flier physico-chemical studies. Light was first shed on these problems 
by the disintegration theory, formulated by Rutherford and ScxMy in 
ieyear 1902. According to this theory the emission of radiation by 
radioactive substances is a phenomenon consequent upon atomic tram*- 
formation, and the theory made it possible to deduce quantitative 
information on the process of transformation from the nature and 
intensity of the radiation. The idea of a development of inorpnk 
satter had frequently been conjectured in the course of the history 
of chemistry, and by virtue of the disintegration theory and the ml 
bounded evidence in its favour, it has established itself permanently 
lathe fabric of our knowledge. The disintegration theory of Rutherford 
mi Soddy has thereby achieved the distinction of becoming one of the 
sost important theories in natural science. 

The investigations that resulted from the formulation of this theory 
it first proceeded mainly in two directions. First it was necessary to 
examine the nature of the rays from radioactive substances, and then 
to reveal the sequence of the transformation processes and the pmjter- 
txs of the radio-elements. 

In 1899 Giesel, St. Meyer and Schweidler, and H. Bee pin'-! had 
already established the fact that part of the radioactive rays could be 
defected in a magnetic field. A few years later Rutherford and his 
co-workers succeeded in identifying the exact nature of the 3-. and 
ways. Of particular importance for the recognition of the nature of 
tie i-rays was the work of Ramsay and Soddy, and of Rutherford and 
Royds, who showed that the rays are charged atoms of helium. P, ( uric 
had already observed that they have a definite range, and the study of 
their properties was mainly the work of W. H. Bragg, Geiger, Marsden. 
Beeman, Mme Curie and her collaborators, Rausch von Traubenberg. 
sad others. Elster and Geitel on one hand, and Crookes on the other, 
aaiethe observation that a-rays are able to excite scintillations m zinc 
alphide screens, and this proved to be of great practical importance! 
Regener was the first to make quantitative counts of scintillations, a™ 
h a similar way Rutherford and Geiger succeeded in determining t* 
Biaber of a-particles emitted per second by 1 gm. of radium, and aj|| 
tk charge of an a -particle. Schweidler was the first to direct attcntfli 
the statistical nature of radioactive disintegration. 
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The more detailed elucidation of the properties of /5-rays was eai 
out in the laboratories of Lenard, J. J. Thomson, Rutherford, H, 
Meitner, v. Baeyer, Geiger, Bothe, Danysz, de Broglie, and Kova 
that of y-rays by Rutherford and his collaborators, Ellis in partip 
by W. H. Bragg, A. H. Compton, Meitner, and as a result of inves 
tions in the Vienna Radium Institute (K. W. E. Kohlrauseh, I 
Lawson, and others). The method of C. T. R. Wilson for rendf 
visible the tracks of the rays by condensation of water vapour has 
of the greatest service in the study of all three types of rays. 

The phenomenon of recoil, which was discovered hv Hahn an 
Russ and Makower and later investigated particularly by Vertens 
made possible the isolation of several elements of short life. The 
tion between range and disintegration constant, discovered by G 
and Nuttall in 1911, has proved very important in revealing the < 
ence and for determining the period of elements both of very shor 
of very long life. 

The nuclear theory of the atom, which is of paramount irnpor 
in modern physics, was advanced in the same year by Rutherfor 
was based on observations by Geiger and Marsden on the scatter! 
a-rays in their passage through matter, and furnished a satisfa 
explanation of this phenomenon. But on the basis of the classical 
of theoretical physics it was not possible to interpret the proper! 
the stability of such a structure. Not until two years later wai 
achieved by Bohr, who utilized Planck’s quantum theory for thii 
pose. The atomic theory founded by Bohr made it possible for th 
time to give a simple and numerical interpretation of absorptioi 
emission spectra, to which phase of progress the work of feonim 
and his school, Kramers, and others belongs, and also elucidate 
extensive field of the phenomena of collisions between electron 
atoms, which was initiated by the work of Franck and Hertz, 
further development of the theory of atomic structure was nat 
linked most intimately with the fundamental successes ofqu< 
mechanics; for this reason mention must be made primarily 1 
names of Born, L. de Broglie, Dirac, Heisenberg, Pauli, and SchrixJ 
The development of the study of X-rays is also closely related 
modern theory of the atom. The famous discovery of v. Laue 
was soon followed by the work of W. H. and W. L. Bragg on the 
tion of X-rays by crystals, and by Moseley’s investigation <j 
characteristic X-ray lines of the chemical elements, by virtue of 
the fundamental importance of the atomic number was estat 
(1913). But radioactivity itself also owes a debt to the deved 
of X-ray spectroscopy. Thus the measurement of the wave-lenj 
y-rays, as carried out by Ellis and by Meitner, first became a prad 
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: reposition when the spectroscopy of X-rays had made if fusible to 
ixalize the individual groups of electrons in the extra-nuclear part «>f 
the atom. and. to calculate the work necessary to >e$arate an ele* tr* *n 
from the atom. Only in the ease of soft y-rav> had Rutherford and 
Andrade succeeded previously in carrying out a deTerminim-m of the 
frequency by the crystal method. 

Meanwhile, important advances had also been made in ra« lb» 'hernia ry 
investigations by Marckwald, Keetmann. Boltw«**l. Auer v. WVbb^Y 
McCoy, Stromholm and Svedberg. Fleck, and others led to a coin epie »n 
held notably by Soddy as early as 1910, namely, the existence of radio* 
active elements, later called ’isotopes*, which, incite of differed v> in 
their atomic weights and radioactive properties, at the >anie time 
the same chemical, electrochemical, and speetrosropio proj*enie- < hi 
the basis of this view, and with the aid of more complete V 1 i;. 
lithe sequence of disintegration in the transformation of the 
radio-elements, the radioactive displacement laws were formulated by 
A, S. Russell, and almost simultaneously by Fajans and by Soddy ^ loUSy 
the results of the last two authors being satisfactory in even detail 
Amongst other things, these laws made it possible to settle the question 
of the end-products of the disintegration series, and the ennchisimw 
formed in the course of this work were completely confirmed by atonne- 
n'eiffht determinations carried out by Richards, H In .M and 
others. It became more and more dear that these results are of the 
greatest importance not only in radiochemistry, but a!>o in general 
chemistry. The conception of a chemical element hail to U j restricted 
to its chemical inseparability, and even in the ease of the ordinary 
elements it became imperative to reckon with the possibility that they 
might consist of more than one type of atom. 

A few years later Aston proved by means ot his ?r< ;r y .. 

that the phenomenon of isotopy is actually a general pmj*rty the 
elements. This apparatus was constructed by Aston as a further 
development of the pioneer work of J. J. Thomson on p'drevr ray 
analysis. At the same time Astons investigations (1919) revealed the 
fact that, to a first approximation, the atomic weights of the element 
are integral in nature, even when their combining weight* often dew 
marked deviatio ns from whole-number values. Ibis invalidated the 
meet important arg um ent that perforce had always been raised against 
Front A hypothesis, and rendered it probable that all the chemical 
elements are genetically related. Science was confronted with a new 
problem, that of separating the elements which occur in nature* into 
their constituent isotopes, and in several cases this problem has l*en 
mm or less completely solved. Owing to its singular proxies, the 
heavy isotope of hydrogen was prepared in the pure state soon alter 
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its discovery Toy Urey. For other elements, the best results havi 
attained by Gr. Hertz in Charlottenburg, by use of his diffusion mi 
The first successful experiments to effect a transmutation i 
non-radioactive elements also fall into the post-war period, i! 
was first achieved in the case of nitrogen in 1919, when Ruth 
and Chadwick demonstrated that by bombardment with a-pa 
hydrogen nuclei (protons) are liberated from the atoms of this eh 
these protons being projected as corpuscular rays of large range. F 
investigations have established that a large number of light ele 
can be transformed artificially in this way. In addition to the j 
mentioned discoverers of artificial disintegration, many other w 
have tak en part in the subsequent development of the subject, inc 
Kirsch, Pettersson, and Stetter in Vienna, Harkins in Chicago, Bi 
Berlin, and Pose in Halle. These studies have led to import ant cone 
on the structure of atomic nuclei, the constitution of which had 
main a closed book at the time of the formulation of the theory 
atom due to Rutherford and Bohr. They have not only introdu 
to the proton as a nuclear constituent, but during the course of t 
few years also to two further constituents of matter, the neutron i 
positron. The neutron was discovered in 1932 by Chadwick b; 
barding berylli um with a-rays, as a sequel to observations of 
and of M. and Mme Curie-Joliot. The positron was discovered 
same year by Anderson, and it was observed with greater certa 
1933 by Blackett and Occhialini, using a Wilson cloud chamtx 
product of the interaction of cosmic rays on matter. 

Although for many years the only available means of trans 
atomic nuclei were the a-rays from radioactive substances, C 
and Walton succeeded in 1932 in the transmutation of light el< 
by bombarding them with a beam of fast protons that ha 
accelerated in a discharge tube. This was the first time that $ 
mutation of elements had been achieved without the interventj 
natural radioactive process. The methods of accelerating the \ 
were varied in many ways, and in the year 1932 an ingenious 
called a cyclotron (see p. 290) was developed by E. 0. Lawi 
California. This was also the first method to show' that deute 
mass 2 are more efficient projectiles than protons of mass 1. : 

The experiments on the transmutation of elements entered 
ticularly interesting phase when, in 1933, M. and Mme Curi 
found that the product of atomic transformation in certain, 
radioactive. The development of this fundamental discov 
suited in the establishment, within a year or two, of a new: 
of science, that of artificial radioactivity. In this rapid and 1 
development the two most outstanding events were those asi 
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-rith the names of Fermi and of Lawrence. Fermi found that arum 
.ially radioactive substances can be produced from m„ >t demon? s 
in the periodic system by bombarding them with neutrons. mhemtto 
Lawrence, by making use of his cyclotron (p. 29u}« sue veiled in 
preparing artificial radioactive preparations of very great streamh, 
As a result of these advances it also became possible 'to extend the 
l^riodic sx feteiii of the elements b\ preparing radioactive in *»i 
elements with an atomic number higher than that of uranium. Such 
trans-uranium 5 elements were first prepared by Fermi, and later 
sndied in detail and with great success by Hahn and Meitner. 

Successes have to be recorded in various other fields in radioai-tivit \, 
The chemical effect of the rays from radium was studied in greatest 
detail bv Lind and his co-workers, but also by Duane and Wendt,. 
Kalian, Przibram, Mund, and others. Since 1913 radioactive indicator- 
aive frequently been utilized by Hevesy and Paneth in chemical and 
physical investigations; as a result of the discovery of artificial radhi- 
dements, the number of problems whose study can be simplified by the 
use of radioactive indicators has increased enormously, in 

tk field of biology. The applications of radioactivity to ge*4«»gieal 
problems have been primarily the work of Bolt wood, Strutt i Lord 
Rayleigh), Miigge, Joly, Holmes, Urry, and Ellen Gleditseh: whilst in t he 
domain of atmospheric electricity mention should be made of the w ork 
liElster and Geitel, v. Schweidler, Mac-lie. Eve, McLennan, (\ T. R. 
Wilson, Goc-kel, and Hess. With the name of Hess is also associated the 
particularly interesting discovery of an extra-terrestrial radiation of 
exceeding penetrability, which he detected in balloon flights. In addi¬ 
tion to Hess, Kolhorster, Millikan, Hoffmann. Eegener. Steinke. A. H 
Compton, Blackett, and Clay, in particular, have taken part in the 
further study of tins c cosmic radiation and the results of their observa¬ 
tions are no less important in astrophysics than in atomic research. In 
these investigations, as well as in many other recent radioactive measure * 
rats, the electronic counter due to Geiger has played a KvrLU.K.* 
part. The suitability of the photographic plate for the direct study 
dray tracks has been established, notably by the Misses Blau and 
Wambaeher (Vienna). 

This short historical survey may have served to show that, in the 
spaa of only 42 years since Becquerels discovery, the science of ratlin 
activity has developed from a special field of physics into one of the 
wt important and most richly correlated branches of the entire realm 
yf natural science. 
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APPENDIX 

THE CYCLOTRON. (See Index, y. 297) 

Since the achievement of nuclear disruption and of artificial radi 
activity, it has been the aim of physicists to secure bombarding ions 
ever oreater energy, in order to facilitate the production of the nude 
processes involved. The straightforward method of doing this by i 
use of larger and larger accelerating potentials for the ions, however, 
fraught with progressively increasing experimental difficulties. Mo 
overt at these very high potentials of the order of a million volts, it 
no easy task to produce concentrated beams of the ions in quantit 
adequate for many of the problems involved. These difficulties ha 
been evaded in the magnetic resonance accelerator or cyclotron by i 
development of the multiple acceleration of ions to high speeds with< 
the use of abnormally high voltages. 

In this method, which was initiated and developed largely by • 
work of E. 0. Lawrence and M. S. Livingston, semicircular hollow pla 
or dees, resemb ling the duants or binants of an electrometer, are moun 
in a vacuum with their diametral edges adjacent, and are situates 
a uniform magnetic field normal to the plates. High frequency osc-i 
tions are applied to the plate electrodes, and produce an osoillai 
electric field over the uniform diametral gap between them. II 
formed hi the middle of the diametral region by accelerated elects 
from a heated spiral filament, are accelerated during one half-cy cli 
the os cillating electric field into the interior of one of the electro 
where they are bent into circular paths by the magnetic field and 1: 
emerge again into the gap between the electrodes. By adjustmen 
the magnetic field so that the time required for the ions to trav 
a semicircular path within one of the electrodes is equal to a half-pe 
of the oscillations, the electric field will have reversed its diree 
when the ions return to the region between the electrodes, so that 1 
receive a second increment of velocity on passing to the other elec-tr 
The time required for the ions to traverse a semicircular path is is 
pendent both of the radius of the path and of the velocity of the i 
and hence, when the magnetic field has been correctly adjusted, the 
spiral round in resonance with the oscillating field until they' react 
periphery of the apparatus. Their final kinetic energies are as n 
times greater than that corresponding to the voltage applied to 
electrodes as the number of times they have crossed from one elect 
to the other. Both the magnetic and electric fields exercise a foci 
action on the ions and prevent any serious loss of ions as they 
accelerated, so that relatively good yields of high speed ion cun 
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ire obtainable in this indirect manner, and the focusing net ion re>u!t- 
a the generation of beams, of tons c. 1 to 3 mm. in M 

ire ideal for experimental studies of collision processes. By means uf 
i suitably arranged electric field the high speed ions can be deiic ted 
jam the accelerating system and withdrawn ciapkefr from the 
apparatus into the air through a thin platinum window in the ehamfx.T 
rail- 

In one of the earlier forms of the apparatus the pole iWs of the 
magnet- were 11 inches in diameter, and a current of lir" ampere «,f 
1-22 xlO 6 e.V. protons was produced in a tube to which the maximum 
applied voltage was only 4,000 volts. The high frequency voltage ti^I 
jna more recent form of the apparatus is estimated to be from .'mi.inhi 
to 100,000 volts, and with magnet pole faces 271 inches in diameter 
the ions are withdrawn from the accelerating electrodes at a distance 
„ff. 12 inches from the centre of the system. With this ,• 
pencils of many micro-amperes of deuterons having energies up t< * 
S-SX10 6 e.V. and of a few tenths of a micro-ampere of 11 ■ In* t V. 
doubly charged helium ions have been obtained. With such amount* 
of high speed deuterons incident on a beryllium target, the usual neut r* m 
emission with this apparatus is equivalent to the y-radiati* in from a\h mt 
1(H) gm. of radium, and for the protection of the operator isee pp 2,7s 
and 260) the cyclotron is controlled at a distance of 4u feet from the 
target with suitable intervening absorbing material. Bombardment 
of sodium metal for one day with 20 micro-amperes of7 hr 8 e.V. 
deuterons produces radio-sodium having a y-ray activity equivalent 
to that of 200 mg. of radium. In some of the recent forms of the 
spparatus the strength of the magnetic field is of the order of is. non 
oersteds, and the corresponding wave-length of the oscillating electric 
Md used for accelerating deuterons or doubly charged helium ion- i> 
about 22 metres. 
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Table 56 


Artificially produced Radioactive Isotopes of the Elements t 


Element 
and atomic 
number 


Radioactive isotopes 


Mass-numbers 

Half-value periods^ 

Particles emiti 

2 He 

6 

1 s. 

i->~ 

3 Li 

8 

0-8 s. 

<-) 

4 Be 

10 

> 10 y. 

(-) 

5 B 

12 

0-02 s. 

(-» 

6 C 

11 

20 m. 

(t) 

7N 

13; 16 

10-5 m.; 9 s. 

(+);(-« 

8 0 

15; 19 

2-1 m.; 31 s. 

(+•);(-> 

9 F 

17; 18; 20 

1-2 m.; 108 m.; 8 s. 

(+); (—);! 

10 Ne 

23 

33 s. 

(-) 

11 Na 

22; 24 

3 y.; 15 h. 

( + )!(-) 

12 Mg 

27 

12 m. 

(-1 

13 A1 

26; 28; 29 

7 s.; 2-3 m.; 11 m. 

(+>;(-);! 

14 Si 

27; 31 

6-6 m.; 2-5 h. 

(-r)s (-) 

15 P 

30; 32 

3 m.; 14-5 d. 

(+};(-( 

16 S 

31; 35 

26 m.; 80 d. 

(+);(-! 

17 Cl 

34; 38 

33 m.; 38 m. 

(+);<-! 

18 A 

41 

110 m. 

(-) 

19 K 

38; 42 

7-5 m.; 12-5 h. 

(+);<-) 

20 Ca 

39; 45 

4*5 m.; 2-3 h. 

(+);(-! 

21 Sc 

41; 42; 43; 44; 46 

53 m.; 4*1 h.; 4-0 h.; 52 h.; 

(+);(+); (+);(» 

48 

90 d.; 41 h. 

(-) 

22 Ti 

51 

3 m. 

(-) i 

23 V 

24 Cr 

48; 49; 50; 52 

16 d.; 32 m.; 3-6 h.; 3-8 m. 

j 

j (+);(+);(+] 

25 Mn 

?; 56; ?; 7; ? 

46 m.; 2-5 h.; 21 m.; 5 d. ; 
sev. mths. 

(+);(-);(-);{ 

26 Fe 

; 55; 59 

8*9 m.; 40 d. 

(-);(- 

27 Co 

; 55;?; 58; 60 

18 h.; 150 d.; llm.;c. 1 y. 

\ ( +); (+ and A 
(-) 

28 Ni 

63 

160 m. 

4 V / 

! (-) : 

l( + );(+);(-M 
(-) 

29 Cu 

1 61; 62; 64; 66 

3-3 10*5m.; 12*5h.; 5 m. 

30 Zn 

j 63; 65 

38 m.; 60 m. 

\ t 

• {+);( — 

31 Ga 

! 66; 68; 70; 72 

9-4 h.; 60 m.; 20 m.; 23 h. 

; (+);(+);(-: 

32 Ge 

i 75; ? 

20 h.; 30 m. 

(-)H- 

33 As 

76; 78 

26 h.; 65 m. 

(-);(- 

34 Se 

1 79 or 81; 83 

1 h.; 17 m. 

( ) > (“ 

35 Br 

78; 80; 80; 82; 83 

6-3 m.; 18 m.; 4-5 h.; 34 h.; 
2-5 h. 

{+); (—);(-);( 

36 Kr 

! ? 

74 m.; 4-5 h.; 18 h. 

(-);(-); 
(-)i(- 
(—)! (— 

37 Rb 

1 86; 88 

18 m.; 18 d. 

38 Sr 

; 89 

3 h.; 55 d. 

39 Y 

; 90 

70 h. 

(-) 

(-) 

40 Zr 

41 Nb 

! 97 

44 h. 

42 Mo 

; ? 

| 2*5 m.; 17 m.; 36 h. 
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Table 56 ( continued ) 


JIass-numbcrs 


Madioactire woto]** 
Half-mine j wtiimM 


Pari kirn < 


? few months 

? 40 s.; 100 8.: li h.; 170 h. (-1 

? 44s.;3-9ru. 

? 60 h.; loin.; 12 h.; 3 m. 

106; 106; 1US; 110; 54*5in.; 8*2 <L;2*3 m.; 22s.; ( - >; 

111; 112 7*3 d.; 3*2 h. 

?; 113; 117 33 in.; 4*3 h.; oh h. <• 

111; 112; 114; 114 20 m.; 72 s.; 4-3 h.; 30 d. <~j; 


116; 116; 117 
? 

120; 122; 124 
*> 

12>S 


13s.; 34 in.; 2*3 h. 

8 m.; 18 in. 

16 in.; 2*3 <i.; 6od. 
M h. 


V. Os 

134 

1*5 h. 

’4 Ba 

?; 139 

2*5 in.; 80 m, {' 

'7 La 

140 

1*3 ci. 

> Ce 

130 

21 m. 

B Pr 

140; 142 

3 in.; 19 h, (* 

Ifrfl 1 Nil 

147; 149; 131 

84 h.; 2 h.; 21 in, ( i: 

Hi Sin 

131; 153 

21 IK.; 2 d. <• 

83 Eu 

132; 134 

27 1 .; ‘i 4 K . 

*4 Gd 

130 

3* 3; 17 L. 

8“ Th 

BJm 

3*'t 7.. 

w By 

139; 163 

2*2 m.: 2*3 i,. 

87 Ho 

164: 166 

47 in.; .Vj;.. 

v Er 

163; 109; 171 

5 7 12 tu 

^ Trn 

17** 

12" :i. 

Tu Yb 

173; 175 

2*1 h.; 41 h. 

”1 Lu 

176; 178 

4h.;sd. 

72 Hf 

181 

33 d. 

73 Ta 

ISO; 1S2 

> h.; 97 d. 

71W 

•f 

1 <1. 

7) Re 

?; 1SS ; ? 

2o m.; 18 h.; \5 L. - % , 

781is 

? 

h. 

77 If 

192; 192 nr 104; 1S9, 

2 in.; 1*3 in. and 19 h : ?■;' - • 


192, or 193 

2> in. and v5 h, 

> Pt 

197; 199 

18 ii. and 3*3 d.; 3«» m. 

74 Ah 

IDS; 199 

2*7 d.; 13 h. and 4*3 <i. 


205 ; 206 

41 h. ; 43 in. ■ - 

iiTl 

204; 206 

5 m. ; 97 in. 1 - 

*2 Pb 

209 

3 h. 

*3Bi 



*8 R& 

229 

I in. 

**9 Ac 

231; 232; 233 

12 m.; 42 li.; 3*3 li. 

WTh 

239 (233?) 

2S in. 

II Pa 

233 

2*3 m. 
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Table 56 ( continued) 


Element 

Radioactive isotopes 

and atomic 
number 

Mass-numbers 

Half-value periods f j Particles mil 

92 IT 

236?; 239 

23 m.; 10 s. and 40 s. 

93 Eka Re 

239 

2*2 m. and 16 m. 

94 Eka Os 

239 

59 m.; 17 h. and 5*7 h. j { — 

95 Eka Ir 

239 

66 h. i ( — 1 

96 Eka Pt 

239 

2-5 h. {-) 


f In connexion with this table, reference should be made to the mass-niiml 
abundance of the stable isotopes given in Table 43, p. 182, as well as to the text o 
and to Fig. 40 (p. 121). See also Table 29, p. 116, which is restricted to rac 
isotopes produced by neutron bombardment. (-) = electron (p-rav); (-) = j 
s. = second; m. = minute; h. = hour; d. = day; y. = year. 

Table 57 

Constants frequently used in Radioactive Calculations 

Velocity of Light c = 2-9978 X 10 10 cm./sec. 

Planck’s Constant h = 6-610 X 10" 27 erg sec. 

Charge of Electron <2 = 4-800 X 10~ 10 e.s.u. = l*6012x10' 20 e.m, 

Mass of Electron m = 9-105 X 10~ 28 gm. 

Mass of Hydrogen Atom m H = 1*673 X 10~ 24 gm. 

Unit of Atomic Weight = 1-660 X lO” 24 gm. 

m x = 0-93105 X 10 9 e.Y.; 1 e.V. = 1-0741 x 10' 
Atomic Weight in Chemical Scale = 0-99973 X Atomic Weight in Physical 
Atomic Weight in Physical Scale = 1-00027 X Atomic Weight in Chemical 
Gram-Molecular Volume (at N.T.P.) v 0 = 2-2414 X 10 4 c.c. 

Loschmidt’s Number (Avogadro’s Number): 

per mol N — 6*028 X10 23 ; 
per c.c. (at N.T.P.) L = 2-689 X10 19 cm." 3 
Mass of 1 c.c. Hydrogen (at N.T.P.) = 8-987 X10 -5 gm.; 

Volume of 1 gm. Hydrogen (at N.T.P.) = 1*1127 X 10 4 c.c. ; 
Mass of 1 c.c. Helium (at N.T.P.) = 1-785 x 10~ 4 gm.; 

Volume of 1 gm. Helium (at N.T.P.) - 5-6023 X 10 3 c.c. 

1 Year = 3-65X 10 2 days = 8-760 XlO 3 hours = 5-256X 10 s minutes 

= 3-1536 X 10 7 second! 

1 Day = 1-44X 10 3 minutes = 8*64X10 4 seconds. 

e = 2-71828; i = 0*36788; log 10 e = 0*43429; log 10 a; = 0*434291og 
e 

log, 10 = —L. = 2-30259; log e x = 2-30259 log u *. 
logio« 

log e 2 = 0-69315; ^= 1-44270. 

For Atomic Weights of the Elements see Table 43 (p. 182). 
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Sorption: atomic coefficient of (j8- 
mvsl 47; of ce-rays in air, 29; of 
v-radiation, 50; of homogeneous 
imys, 41; true coefficient of (j8* 
rays), 47. 

i^-rprion coefficient: 3S, 221; and 
density of absorber (/3-rays), 38, 
.-/•rays), 51; full, of y-rays, 53 ; of 
Cray’s, 38,42,46; of y-rays, 51; ofy- 
uyi, relation with wave-length, 52. 

lk»rption curves of /3-rays, 41, 48. 

Absorption edges, 62, 63, 65. 

Absorption spectra, optical, 88. 

Minium : active deposit of, 231; j3- 
radiation from, 213; in uranium 
minerals, 230; preparation of, 213, 
230; properties of, 229; trans¬ 
formation series of, 143, 230 ft. 

Minium A, properties of, 231. 

Minium B, properties of, 231. 

Minium C, properties of, 231. 

Minium C', properties of, 231. 

Actinium C /r : preparation of, 219; 
properties of, 231. 

Actinium D, properties of, 144, 231. 

Minium X: preparation of, 231: 
properties of, 230. 

Attinometer, mercury oxalate, 250. 

Aitinon (actinium emanation), pro¬ 
perties of, 165, 230. 

V/tmo-uramum: 206; parent of acti¬ 
nium series, 143, 144, 230, 271; in 
uranium, 150, 263. 

A tion, elementary quantum of, 62. 

Activation, dependence on energy" of 
incident a--particles, 122. 

Active deposit: of actinium, 231; of 
radium (long life), 136, 137, 218, 
228; of radium (short life), 135, 
137. 227 ff.; of thorium, 132, 134, 
137, 234 ft. 

Active deposits: collection of, 133; 
short-lived, 21 o. 

Adsorption, limit of, 173. 

Adsorption: of radio-elements, 162, 
168,173, 188; of colloids, 188. 

Adsorption rale, 163, 220. 

% formulae, 264 ff. 

% of minerals, 263 fL 

-Aggregate recoil, 70. 

•^equivalent, 23. 

Albumin, 257. 

Alkaline earths: solubility of sulphates 
of, 224; spectra of, 84. 


Alkalis, spectra of, 

Alloy, of platinum-p 215 . 

a-aetivity of radium, 225 . 
a- and /brays, comparison»»f 4} w .rpr i. u 1 
and scatter in g of, 4 7. 

■a-,/b, and y-rays: ab>urpt b ui 1 a nutter, 
6; deflexion in eh-tne *tiwd, *»; 
deflexion in magic tie field, 5; 
nature of, 5. 

a-partieles (rays) : andimchtA of at-ou, 
95; potential energy of, icnr 
nucleus, 96, 97; stability of, 95, 
a-ray electroscope, 15. 
a-rayers: relation dwiio-gra • 

tion constant and veWity i'wji;.- >, 
sue Geiger ami XuttallA rdati< -n. 
ct-ravs: absorption, range and \vj w»r\ 
of, 21 0.; deflexion in rhefr»e and 
magnetic fields, 20; rjrjrrgv of, 22, 
27; fine structure of dVom TM \ 
26, 95, 99; fluctuations hi 
33, 34, 35; identity with Mumi 
atoms, 20; ionizatiuii pruiue»*ii h\, 
2$; mass and chares* of, 2<d nete 
tral, 33; iiumWr emmol b\ ra¬ 
dium, 21; probability riuotuaiioit* 
in emission of, 34 : relative 
tions of, 29; relative wal mnna¬ 
tion in gases of, 3u; ait*-rue »d„ 
31, 8U, 95; singly chared, 33. 
specifle charge of, 2**; trarko *-f, 
19, 22,67,240; vel. Mute> of. 4 * 
Aluminium, activat ion of. 112, III 
Analysis: radioactive, .d^rpte n 

measurements in, 55. 

Anaphylaxis, physical i*r mdmrt. 2 m», 
Angstrom unit, 62. 

Angular momentum of riurdHo, 1*C. 
Annihilation of matter, energy <4. 72. 
282. 

Argon, in earths crust and .it 11 a der*', 

124. 

Artificial radioactivity: 73. 95. lilt! . 
238; (historical). 2*8; pri*d>« te-n 
by a-rays, 119; pr«»du<'H»ui t>\ 

• deuterons and y-rays. 119 tf,; f re¬ 
duction by neutrons, IS 4. 

Artificial radio-elements; Is; as indi¬ 
cators, 167 ; cost of, I <6; dtntoro 
cal),289; production of, 113 ; veld 
of, 122, 

Association process***, with muiron-, 

123. 

Aston, mass -p*vt r> Any"- 1 “ E 
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Atmosphere: ionization of, 278ff.; 
radioactive material in, 276. 

Atmospheric electricity, 242, 289. 

Atom: constitution of, 7 9 ff.; number 
of electrons in, 79. 

Atomic disintegration, 3. 

Atomic disruption, 17, 261. 

Atomic nucleus: 94; constituents of, 
94; stability of, 108, 1S1; struc¬ 
ture of, 179. 

Atomic number: 79, 94, 156, 221; 
(historical), 286; from X-ray spec¬ 
tra, 64, 157. 

Atomic numbers of elements, 65, 201. 

Atomic structure: 80 ff.; mathematics 
of, 91 ff. 

Atomic types: of elements, 200; of in¬ 
active elements, 182; of radio¬ 
elements, 152. 

Atomic volumes: of elements, 64; of 
isotopes, 150. 

Atomic weight: accurate determination 
from nuclear reactions, 124, 180; 
accurate determination from mass- 
spectrograms, 181; of radio-ele¬ 
ments, 177 ff., 198 ff.; physical and 
chemical scales of, 181, 294. 

Atoms of higher atomic number, 83 ff. 

Auger effect, 62. 

Aurora, 281, 283. 

Auto-luminescence of radium salts, 242. 

Average life, period of, 127. 

Azimuthal quantum number, 83. 

Bacteria, action of radium rays on, 
259. 

Bainbridge, mass spectrograph, 178. 

Balmer series, 82, 92. 

Band spectra of isotopes, 180. 

Barium platino-cyanide screens, 243. 

Becquerel’s discovery, 284. 

Beryllium, energy to disrupt, 113. 

Beryllium-radium source of neutrons, 
176. 

Beryllium-radon source of neutrons, 
113, 176. 

/?- and a-rays, comparison of absorption 
and scattering of, 47. 

/^radiation from radium, 225. 

/?-ray electroscope, 15. 

/hrayers: relation between energy of 
disintegration and disintegration 
constant, 106. 

/?-rays: absorption and velocity of, 
37; continuous spectrum of, 104 ff 
143; deflexion in magnetic field, 
36; energies of, 48; ionization pro¬ 


duced by, 43 ; magnetic i 

of 104 ’ k 4 ° ; ma& ar * 
ol, 6b; number emitted 1 

sium, 236; number eni 

radium, 37 ; number em 

rubidium, 236; origin of 

penetrating power of, 38 * 

39; relation between ra 

velocity of, 42; scatterin 

velocities of,* 48. 

jS-recoil, 70. 

Binding: (electron) energy 
strength of, 83; (neutroi 
of, 101. 


Biological effects: of neutroni 
rays from radium, 258 ff. 
Biological experiments, artific 
elements as indicators in 
Bismuth hydride, 170. 
Blackening, curve of, 270. 
Blood, quantity in living anii 
Bohr’s postulates, 80. 
B-produets, preparation of, 2 
Brain tissue, regeneration of. 
Branching ratio, 142, 228,233 
Broggerite, 273. 

Broglie (de) wave-length oft 
93. 


Bromine, isotopes of, 178. 
Bunsen and Roscoe’s relatior 
Bunsen ice calorimeter, 246. j 
Burns due to radium rays, 25 


Cancerous tissue, retention o 
by, 171. ,1 

Capture and loss of elects 
particles, 32. ! 

Carbon isotopes, separation: 
Carcinoma, 259. 

Carnotite: 209; extraction ji 
from, 210, 272. 

Cathode rays: 5, 36; formatio 
by, 254. 

Centres (or nuclei) in phosph* 
Chain reactions, 254 ff. 
Characteristic radiation: 53,! 
excited by a-rays, 67; i 
atomic number, 63, 87. 
Characteristic X-ray spectn 
origin of, 87. ' 

Chemical compounds of radii 
161. ■ 
Chemical effects of radium raj 
(historical), 289; in gas 
liquids, 249 ; in solids, 3 
of, 253. ! 

Chemical element, definition 
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Chemical elements: abundance of, in 
Nature, 1 $2 ff.; combining weights 
and atomic numbers of, 201; dis¬ 
ruption of, 05,108 £f., 261; periodic 
classification of, 151, 158, 159; 
stability of, 90. 

Chemical nature of radio-elements: 
147 £r.; of short life, 219. 

Chemical purity, 203. 

Chemical reactions produced by radium 
rays: nature of, 251; theorv of, 
253. 

Chemistry, eosmica!, radioactivitv in, 
203 fi. 

Chemistry of short-lived radio-elements, 
161. 

Chlorine: isotopes of, 178: separation 
of isotopes of, 191, 192, 195. 

Chlorophyll, bleaching of, 248. 

Classical physics, 90. 

Cloud formation by radium mys, 258. 

Coincidences (in couritmgexperiments), 
280. 

Colloidal radio-elements, 164,188. 

Colloidal solutions: colour of, 245; 
stability of, 257. 

(jdlo^-efrmical effects of radium 
rays, 257 If. 

Colouring! by radium my<: nf natural 
mihrral,% 269; ofsifManees, 241 fif. 

C mmur :> uuz.ition, 67. 

Cuir.mmm; w uiht-: 177 th, 19* rh, 
2**1 ; L-t.m -d, WL j:e, 2-*". 



Compton: aW-rptii'U, 52: > lo-tr •».*. 52. 

61; wu hut ion, 57 ; seat t» rnig. 52. 
Compton effect. 52,57. 

Conduction of elmrieity: m »:n-tah. 

174; in gases, 6 if.; m liquids, 6 ff. 
Cm.- rv.it ion nf ehuv.ut-, s*». 


! cal), 289; nature of, 28 2 ; origin of, 
281; positrons and elect rons in, 280. 
j Coulomb, leakage of charge, 7. 
Coulomb's law: 91, 95 ; deviations from 
near nucleus, 97. 

Counter: /3-rav, 41; of rays, electrical, 
17, 112; point, 17, 18, 21, 34, 37, 
5M; tub*, 17, 18. 

; Counting, ray tracks, 29. 

| C-products, pny-arar; of, 217. 

1 Crataeums >y<r:iu Cpp*r, age of, 265, 
Crystal lattice: disturbance of, 245; 
ionic forces in, 163. 

C f rj'sta2s, interf Tom*** phenomena with, 

49. 

Curie mnit of measurement 227, 

Curite, 15« K 

Cyclotron, 113, 176, 2ss, 2s9, 29* } , 

Dalton’s hypab-H, 177, 198, 

Dead Sea, % att-r fn an, 2»»i. 

5-rays, 66, 

INmajKter, mass sjwetrograph. 17>, 
Denver pnx'vss £>r ettraiuik' radium, 

299. 

Deuterium: 95. IsT; as Otde aO »r, 16 h . 
energy todi-ruftt, 113; i hi*toa*:ab, 
2 h 7 * * \ of pure, 193. 

Demtrans 1 P» ti , 29 L 
1 »iaJ>o*> <f ntilioo ieinent-., 165. 

Ih.Uij-'U*l. 244. 247. 


1 if 

Lbrfra. 

•UMtl jri? 49 

V h >.! X T,i\ 4 H 

Lbfl 

•ti. Hi ' r> . 374 ,'t 

IP 

‘2;-trad 1 1 v 4 , 

rale .t, it:*. 

1,6*^ ; 

t ry - ’ r.vii ■»., 1 ^ 2 ** 

Dcsnr. 

•'rat. u - -lU-nuH ■ it 1, 

3h< 

i>. 'K I 2 C UP, ] 4 ,, 

r - 

^ it mubr 

D.-uc. 

^ t’ - 1 4 i 14 4 ■ r- * 


Contact potent;,u mX, 242. 

Contamination, rod:--act.v . 71. 133, 

Comments, displacuii'-nt cu 27^. 

Continuous 2-ray -7 h-4 rl, 

143; upper limit of, 1*»5, 343. 

Copper: isotopic composition uf, 196; 
nucleus, radius uf, 96: uranium 
content of, 275. 

Co-precipitation of radio-elements, 147, 
164, 168. 

Correspondence, principle of, 90. 92. 

Cosmic radiation: 18, 278 2'.; dn'vn- 
dence on latitude. 28m ; energy uf, 
279; fluctuations of. 28M; Listui;- 


D.-inv jmt. i ■ :v * -*• r. si .. 2 
IT-] 1 !, 12*> 2 . UJ 

Ih-pr-cn ;<■.'!*' ‘ t mm, 

mu.:-, lot 

Di-r i,i‘ * it. Liu . i..-v o- , >i' 

Isli ii 1 , l • ‘ i« i ’'ll! 
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Double scintillations, 235. 

Doublets in spectra, 84. 

Dual decay, 142, 155. 

Dyes, bleaching of, by radiation, 248. 

Earth: cooling of, 277 ; solidification of, 

202 . 

Earth’s core, 278. 

Earth’s heat, 277. 

Eberhard effect, 248, 270. 

Eigen-values (wave equation), 93. 

Einstein: law of photochemical equiva¬ 
lence, 253 ff.; photo-electric equa¬ 
tion, 62, 89, 159. 

Electricity, atomistic conception of, 7. 

Electrochemical potential: of isotopes, 
150; of radio-elements, 162. 

Electrolytic deposition of radio-ele¬ 
ments, 162, 217. 

Electrolytic ions, 11. 

Electrolytic mobility of radioactive 
ions, 164. 

Electromagnetic rays produced by 
electrons, 61. 

Electrometer: single-string, 16, 17; 
double-string, 16. 

Electron: 5; charge of, 20; heavy, 281. 

Electrons: capture and loss by a-rays, 
32; grouping in periodic system, 
85; thermal energy of, 36; velocity 
of, 36. 

Electron-volt, as unit of energy, 43. 

Electroscope, 14. 

Elementary charge, see Electron. 

Elements: conservation of, 80; fre¬ 
quency distribution of, 95; pure 
and mixed, 199. 

Email (unit of measurement), 227. 

Emanation: decay of, 2; distribution 
between water and air, 226; 
formation of lead from, 3; mole¬ 
cular weight of, 165; preparation 
of, 215; properties of, 215; use for 
measuring radium, 225. 

Emanation electroscope, 16. 

Emergence radiation, 47, 60. 

Emission and absorption of light, 80. 

End-product: of actinium series, see 
AcD; of uranium-radium series, 
see RaG; of thorium series, see 
ThD. 

End-products (historical), 287. 

Energy levels in atomic nucleus, 98 ff. 

Energy to produce pair of ions, 30, 
44. 

Equilibrium, radioactive, 129 ff,, 145. 

Equilibrium, secular, 140. 


Equilibrium, transient, 133 
Equivalence, iono-chemkaV 
Eqm o~ a i e £ Ce ’ P hot ochemiea 

406 ff. 

Eve (unit of measurement i f 
Exchange of atoms of idmt5 
cal properties, 172. 
Excitation of molecules bv £ 
Excitation potential of X-te 
Excited states of nuclei, 108, 
Exponential decay, 127. 
Extraction: (separation), w* 
(historical), 287. 

Eye, action of radium rays c 

Faraday’s second law (eleefl 
255. 

Fatigue effects in ffuorescer 
Fine structure of a-rays, 95 
Fluorescence: 65, 88, 284; 1 
zinc sulphide, 31;’ 
radium rays, 243, 244. 
Fluorescence radiation, 53, 
Fluorspar, 244, 247, 269. 

Full absorption coefficient 
53, 54; of secondary 

y-aetivity of mesothoriun 
with time of, 233. 
y-particle (impulse), 57. 
y-radiation: from poloniun 
radium, 225; from rac 
y-ray electroscope, 15. 
y-ray measurement of radi 
y-rays: absorption coeffic 
absorption of, 50; corj 
ception of, 57; energy 
102; ionization prodi 
nature of, 49; numbe 
potassium, 236; nun 
by Ra(B-bC), 57; orig 
produced by a-rays, 
tion of, 59, 61; scatt 
spectrum of, 50; wa 
50, 95, 286. 

Garnet, 269. 

Gaseous ions, 11. 

Gas layer, influence on j 
8-rays, 67. 

Gas masks, permeability f 
Gauss’s law of errors, 47. 
Geiger (counters), 17, 279 
Geiger and NuttalFs relaj 
146, 230, 286; wa^ 
modification of, 146.' 
Gelatine, swelling of, 24li 
Genes, mutation of, 260. j 
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ecological time: cycle,* of, 27S; ’ 

measurement of, 1*03 ff. 

GeXogy: radioactivity in, 203 ff.; ! 
(historical), 2S9. ; 

lu-rm cells, action of radium ra\- on, 
259. 

G lancing angle, 49. 

Glass, coloration of, 245, 247, 252. 

Glow discharge, 12 . 

Gout, 259. 

'' ’ g constant, 49, 50. 

National field, distribution of iso* 
jpes in, 190. 

.t Bear Lake, 211. 

..round state: of aluminium nuclein*, 
IDS; of hydrogen atom, S4. 

Haemolytic action of /3*rays, 2 Hm, 

H afn i inn, < 1 iseovery of, 119». 

H- ‘ due TK»ri*vj: e^jmexioit wit! 
ge i v . • 9s, lu5, 140: i 

* rrniiiution of, 145 ff.; of radio* I 
art. i-:dounces 3 s, 127, 221. j 

Half-vulm tmekues.-: 3>, 51; of d ray- j 
in air, 57 ; of 3-ray- in aluminium, f 
37; of y-ray* m air, 57. 

Halo: photometer, 27**; rimr-, dun.ii* 
sions of, 271, 272. 

Han 3-rays, 3s. 

Han" rung of y-rays, 53. 

Hard y-ray», 52, 59. 

Hardness of y-ray-, 5<*. SI. 

Harmonic oscillrtter,en>Tg\ * f Liar,93. 

Heat of earth, 277. 

Heat production: in rocks, 274, 277; of 
polonium, 247 : of: '■m-Xi:.. 277 ; « 
of radium, 240 ff.; of radium : 
(historical), 2b4; of radium and 
mesothorium, 50; of thomim and 
uranium, 247, 277. 

He . y mm, 2M. 

Heavy hyir : • D, un r; ,il. 

Helium, acme:..:. :.f, 297. 

Helium method, i».i Am e f ml*. 

Helium: production fr .in mu: .un 2o 
production from uraui an. 2 »*e. 

Henry's law, 22d. 

Hexane, conductivity of, 242, ! 

Homologues, atomic, 10 H. 

Hornblende, 299. 

H-rays: 27, 07; number of ion* pro¬ 
duced by, 30, 07 ; range of, 27, 07. 

Huyghens's theory of liuht, 4. 

lydration of ions, 103, 195. 

Hydrides of lead and bismuth, 17 m, 171. 

Hydrogen atom: mass of. 2 m ; structure 
of, SO. 


Hydr-jer i— *ti-epurat c »n .if, 1*7, 

193. 

Hydrogen sensitive pr» i u» urnai 
capture >, 112 . 

Hydros'll sjwvtnuii, s7 tf r 


Ideal di-ti Hut i<*m I h«*. 

Impulse eontiimoiis ; rad nit <> -m »*2, »A. 
Ineidi ik 1 *' radiation, 47, Ml, 

Inclini/m,-, radioa* tiv»n 2oi*. 

Indicated el*'ill* nt *su!r*tahrf<' Db, 
determinatem »d small frwtiun-uf, 

17m. 

Indicator-: inaUiV*, D*v ntdj'NU ?t\e, 

1M tf,, ls9. 


Indigo, bleaching ef. 24". 
Induced activity, 133. 
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Isotopes ( cont .) 

150 ; nuclear charge of, 156 ; of in¬ 
active elements, 182 ff.; of radio¬ 
active elements, 151 ff.; optical 
spectra of, 151; production of 
higher, 118; refractive index of 
solutions of, 150; resistance of, 
151; separation of, 187 ff.; specific 
gravity of, 150; stable and radio¬ 
active, 121; super-conductivity of, 
151; vaporization velocity of, 190 ; 
X-ray spectra of, 151. 

Isotopes, artificial radioactive: 292; 
produced by ce-particles, 120 ; pro¬ 
duced by deuterons, 122; produced 
by neutrons, 115. 

Isotopy: 148, 154, 187; and atomic 
constitution, 80, 147 ff.; and 

periodic classification, 152, 155; 
(historical), 287; of ordinary ele¬ 
ments, 177 ff., 187, 204; of radio¬ 
elements, 147 ff. 

Joachimstal (Jaehymdv) process for 
extracting radium, 207. 

K-absorption edge, 66, 89. 

Katanga, 150. 

X-electron capture, 124. 

Keweenawan trap rocks, age of, 268. 

Kinetic exchange: between liquid and 
solid phases, 173, 175; between 
liquid and vapour phases, 189; in 
solutions, 172. 

Kjeldahl process, micro-, 169. 

K-series, 62. 

Kunzite, 244, 247. 

L -absorption edges, 66. 

Lanthanum, 213. 

Lattice constant, 50. 

Lattice planes in crystals, 49. 

Lead chloride, exchange of lead ions in, 
174. 

Lead chromate, solubility of, 170. 

Lead: fluctuations in combining weight, 
150, 198 ; in rocks, 265; retention 
in organism, 171. 

Lead hydride, 171. 

Lead method, see Age of minerals. 

Leucocyte content of blood, 259. 

Leueoeytosis, 259. 

Life of stationary states, 80. 

Light, nat, of, 4, 90. 

Light quant" b0. 

Light-telephoiiy, 249. 

Line spectra: fine structure of, 179 ; of 
isotopes, 179. 


Line spectrum of /Lrays, 4 ( 
Lithium isotopes: " ele< 
separation of, 195; n: 
graphic separation of. 
Lithosphere, concentratio 
elements in, 277. 
Logarithmic absorption ex 
Long exposure, 133, 136, 1 
Long-range a-particies, 23 
228, 235. 

Loschmidt number, 21. 
Lothar Meyer, atomic vc 
154. 

L-series, 62. 

Luminescence, excitation 
rays, 242, 244. 
Luminous substances, 243 
Lyman series, 81. 

Mache (unit of measurem< 
Magnetic quantum numb* 
Magnetic resonance acc 
cyclotron. 

Magnetic spectrum of j8-rj 
Mass absorption eoefficier 
Mass defect, 108. 

Mass, energy equivalent of 
Mass of electron, depend 
city, 36. 

Mass spectra, 178. 

Mass spectrograph: 177, 
vity of, 178. 

Material waves, 90, 92. 
Matter: annihilation of, * 
conception of, 21. 
Mean free path of slow el 
Measurement of y-rays, 5 
Measurement of rays J 
method of, 12. 
Measurement of strong 
preparations, 13, 22^ 
Mechanical effects of rad 
Medical applications c 
radium, 57, 259. 
Melting-points of isotop* 
Mendeleeff’s table, 154, 
Mercury, separation of is 
192, 195. 

Mesothorium: in radium 
212 ; in thorium mil 
Mesothorium 1: prepare 
properties of, 232. ! 
Mesothorium preparati 
from, 55; of diffei 
pure, 212; radium i 
232; radium equivaj 
Mesothorium 2: properti 
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Metals, range of a- part id*',- in, 211. 

>1* Thorites: age of, 298; hud content 
of, 109; »ton»\ oxyiifii in, 2»>2; 
uranium content of, 274. 

Mica, 209. 

Miursar.alyd-u radioactive, 10*9. 

M.di- ■\ri- unit of measurement u 227. 

Minerals. age determination uf, 203 ff. 

Mineral-?, radioactive 1 , 273. 

Mi-sing elements, 157. 

Mixed elements; 187, 198 f!.; definition 
of, 199. 

Mobility: of electrolytic ions, 10; of gas¬ 
eous ions, 10; of ions of isotojies, 
150. 

Molar solubilities of i>otn];w*s, 150. 

Molecular weight of emanation, 1H5. 

Monazito, Brazilian, 55. 

M-m.zke -and, 2»Ml, 212, 232. 

Mo-»d--y‘> relate n, 03, s7, 95. 

Mountain formations 27s. 

3f-serin-. B2. 

Multiples in spectra, s4. 

Mutation: 200; and < u-mie ray,-, 2oo, 

Natural leak, 14. 

Neodymium, 23ti. 

Neon, separation of wot cjJjn— of, 192 id. 

Neutrons: absorption and 

of, 7 4 if.; activity induced in -awr 
by, 77; capture, 73. 75, 112. 114, 
118; collision with proton-, 74; 
detection of, 73; ditfomu of, 7»u 
discovery of, 288: life of. 74; mu-- 
of, 77; nature of, 73; r.un. b\ r 
emitted by berylUuni-radun % 
113; number in nueleii.-, ’94; } r >* 
duction of, 73, 7 b, 78, 94. 123; r • 
sonanee capture of, 7* >; n r ■ 1 ■?. 
74, 112, 175, 291. 

X* v n- theory of lijnt. 4. 

Nick--.. .v.i.z 1 ■ k: * 

134, i l . 7. 

Nitrogen, exek.it:. n .f 7 ::m -> 

| of, 242. 

!Nitrogen, reactivity uf, 251. 

nogen, separation of isotopes uf, 194. 

normal state of hydrogen atom, SO. 

Northern lights, 2S3. 

X-series. * 12 . 

Nuclear charge, S3, 155, 199. 

Nuclear charge, calculation from 
scattering. 32, 47, 95, 155. 

Nuclear constituents, 94. 

Nuclear energy levels, 9S ff. 

< Nuclear y- rays, energy of, 102. 

| Nuclear isomerism, 124, 


Nmd* ar j-.h-u.t-tff*-* s, 123. 

Nuclear radutwn, 51, 

Nii'-lvar v> u< :i- n-. un-no- ysiMiMn-m, 

124. 

Nu'-c-ar -?r:a» t ,r* . ** * Nad* u-, 

N'ii'l'-urtie > tv ef ,e>*m h\-n.jvaJ,, 
Nm-hur* :nuwiiUMti"r t . . I'm;.-- 

Nuf’h-u- ».f 79, n4 tf ? r— 

•**'«'fji ui »»f, 75; t !.» rj\ i‘\.k ; j,, 
9*' ff. ; h'A uf t”'- *r-’* !,* ur. 95. 
mdm- of. 9»»; ~tr;> run < 4 , »*7, 

94 ff., J 79, 2 h>, 

Occlusion of raditii. 227. 

Ohmic current, s, Bn 
Ohm's Jaw for einlruh te-, s 
Optical r-ensn/anon, 25c,. 

Optical »p*vtra «*f !5I, 

Orbital electrons 79. 

Orbital radii, culculatiun i»f, hJ, »o, 
Orbits m hydrogen atom. *2. sit 
Orders, 17s, 

Orders in ^p-ctra. 49. 

Organic cumpiund*, holding «-f *odtn*' 
and hr-mifi*- m, S72. 

Organh »ulMaii<»-s i^nnnt 

-h b-n 

< *: .■ fr ?. - r'-.n “4 

* n,, .,» _• 

. • 'U : :■ .. ■.*. r - • * u gV* 
j lv, J ; k * * Vi ^ ‘ * ' «* j ' 



* '-r.iV 

P* li-'truiLjr.idi.v: : * 1 ' --n. r>u k - 

tiui], 

K rirdiv m <r., 151 , 174 ff. 1 >, 

159. 2« 

Permit tan ml-ii* Id-. 275. 

?!/ot/. -vnth*-i- >•{, 251 . 

Phr-rh-n- r. 245. 

Phosphor^. 244. 

j Phosphorus; action of radium ra> ■* -n 
yellow, 249; cireulati' *’1 m rural 
isms, 174; cireulati* m pluiit.-, 

174. 

Photo-chemical cfft*ets. Las td. 
Photo-chemical law of *-piiv.tc m e 
?Einsteini, 253 if. 
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Photo-chemical methods of separating 
isotopes, 195. 

Photo -chemical processes, 251, 253. 

Photo-chemistry, 253 ff. 

Photo -effects, nuclear-,. 123. 

Photo-electric absorption, 53. 

Photo-electric effect, 245. 

Photo-electric equation, 59, 62, 89. 

Photo-electrons, 52, 59, 61, 62. 

Photographic action of rays from 
radium, 240, 249. 

Photometer: halo, 270; records of 
haloes, 271. 

Photons: 90;y-, 57. 

Physics (cosmical), radioactivity in, 
263 ff. 

Pilbarite, 273. i v 

Pitchblende: 206, 207, 272; (Canada), 
211; (Joachimstal), 150, 151; 

(Katanga), 209; (Morogoro), 264. 

Pitchblende residues, 206. 

Planck’s constant, 62. 

Planets, age of, 269. 

Plants, effect of radium rays on, 259. 

Pleochroie haloes, 248, 252, 269 ft. 

Pleochroism, 269. 

Point counter, see Counter. 

Polonium (RaF): amount from 1 gm. 
radium, 161; colloidal, 165, 229; 
discovery of, 284; hydride, 229; 
preparation of, 136, 162, 214, 217, 
218; production from radium, 2; 
properties of, 135, 229. 

Positive ray analysis, 287. 

Positive rays: 177; ionization by, 25. . 

Positrons: and electrons in cosmic 
radiation, 280; discovery, 288; 
emission of, 120, 122, 124; from 
radium C and thorium C, 72; 
y-rays formed by union with 
electrons, 72; mass, charge, and 
ionization of, 72; production of, 
52, 72. 

Potassium: 142, 235 ff.; jS- and y-rays 
from, 236; in rocks, 274; radio¬ 
active isotope of, 115, 124, 192, 
237; radioactive properties of, 
235; separation of isotopes of, 191, 
237. 

Potential barrier, 98, 108, 109. 

Potential energy of a-particle near 
nucleus, 96, 97. 

Pre-Cambrian, Middle and Lower, age 
of, 265. 

Precipitation: of colloids, 165; of radio- 
elements, 162. 

Precipitation rule, 163, 220. 


Primary /2-rays, 94. 
Principal quantum number. 
Privileged states in atom, SC 
Probability fluctuations, 34. 
Proper- (Eigen-) values (v 
tion), 93. 

Protoactinium: discovery, 
uranium minerals, 215 
tion of, 212, 230; pr< 
229, 230; pure, 213, 231 
Protons: 94; number in n 
produced by a-bombar< 
Prout’s hypothesis, 287. 
P-series, 62. 

Pure elements: 187, 198 ff. 
of, 199. 

Quantitative removal of 
ments, 219. 

Quantum, elementary, of a 
Quantum energy values, 93 
Quantum mechanics: 89; 
286. 

Quantum numbers; comb 
84; of orbits, 82. 
Quantum physics, 90. 
Quantum theory of atom 
286. 

Quartz: coloration of, 285 
261 . 

Racemization of optically 
pound, 172. 

Radiation processes, 80. 
Radioactinium: y-spectriu 
properties of, 230. 
Radioactive displacement 
154ff.; (historical), 28 
Radioactive equilibrium, 
140, 145. 

Radioactive indicators: E 
241; (historical), 289. j 
Radioactive purity, 203. j 
Radioactive rays: 79 ff.; 
240; measurement of, 
of, 101; tracks of, see ! 
Radioactive recoil, 69, 21fy 
Radioactive substances: c 
4; detection of, 5, E 
tion of, 272; measurei 
175 ; preparation of, I 
emitted by, 5; the 
quences of distributio: 
Radio-aluminium: 11S; 

preparing, 123. J 
Radio-chemistry: 147,247 
287. 
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Radio-elements: chemical nature of, 
147 if.; compounds of, 161; dis¬ 
covery of, 284; electrolytic de¬ 
position of, 162; in periodic 
classification, 154 ff.; isotopes of, 
151 ff.; properties of, 221 ft*.; study 
of minute amounts of, 168. 
Radio-elements of long life: 204; 

preparation of, 205 ft. 
Radio-elements of short life; 205; 

preparation of, 215 ff. 

Radiograms by radium rays, 241. 
Radio-iodine, 189. 

Radio-lead, polonium from, 162, 165, 
214, 218. 

Radio-phosphorus; 122; as indicator, 
174. 

Radio-sodium, 291. 

Ha. * : -! ;r rhtn: 2-ray-fr« »m, 234; detini- 
tion of‘1 mg.' . f. 175: |reparation 
of, 188, 214, 21S; price of, 176; 
prep rr: - of, 234. 

Ra« if : : m. t r *p :r i: it r>. radrnin- 
| equivalent •. 

Radium: active deposit of Rug life, 
136, 137, 218, 228; active dep.eit 
of short life, 135, 137, 227; annual 
prvi»y*rHr. of, 26>9, 211; a.-soeu- 
ri* »:i with uranium, 145, 2«*6, 206; 
baths, 226; discovery of, 1, 2^4; 
disintegration of, 4; energy uf 
y-rays from, 102; fluore* •». ra ■< * j • ro • 
ducedby, 1, 243; fundamental »-x- 
p-rinvn:- with, 1; h»-at develop¬ 
ment ->f. 1, 103, 246 ft.; industry, 
development of, 220; International 
Standards of, 224, 225; rneso- 
, thorium content of, 50; nature of 
j rays emitted by, 5; photographic 
> action of rays emitted by, 1, 24M; 
precautions in handling, 26u; 
preparation of, 1.204,206 ft.; price 
of, 207, 211, 224; yred—rreri ..f 
helium and radon m. 2, 3; 
properties of, 1, 2<»7, 223 ff.; 
quantitative determinat i< »n (>f. 225: 
transformation of, 2; world pro¬ 
duction of, 211 . 

Radium bums, 258,260. 

Radium chloride, preparation of pirns 
294. 

• Radium clock, 37, 261. 
Radium-equivalent of mmithoriura 
and radiothorium preparation-. 
55. 

a; i: urn A: p re remit ion «ft, 216: vm j! or- 
lAwf. 135. 


Radium B: preparation of, 216, 239; 

prep> rtf - of, 135. 

Radium < : amoum from 1 trim radium, 
161; 5-qp of. 42; dejmsition 
on nickel, 162 ;y-sjvetrum of. log, 
1**3: prerurri**:: uf, 216; proper- 

ties r, i2iv 

Radium C : enenry l*‘\vb in hmAu-, 
I4M; y-.N|H-etrum of, Jon; pr««|«T- 

tifs of, 228. 

Radium C\ properties uf, 22s. 

Radium D; arm -urn fr« *m I irm. 
radium, 137, 161; a- mdjtator, 
169, 173; atomic weijht nf, 149; 
S'i\r, - fr. :.u. 336; measurement« ft, 

149; re rv\■■ l . 21 >; preparat i> ai of, 
136, 214, 2K 228: prerererem of, 
inhrj* -pmr.dty, ift7, ibv; : p*r» 
ti*^ of, 136, 14k 22.8. 

Radium K: radiation fnun, 37; 
R-spectrum of, 104; nmm energy 
«>f p-*p*rtrum of, I«H ; pr**} Miration 
«*f, 217, 218; produced artificial! v, 
229; j : :,:7: - of, 136, 22 k; 
soum* i»f, 136, 

Radium F, *** \\ dnumrn. 

Radium R: 396, 14*1, 22\ 26,1; an aria* 
wouht <>f, 149, h>» 

Rad-!* r.tdi im »’manat ioTo : prepnre 
r i: 'U. ft, 215q >r<} * rt c-< 4*. 1,15. 147, 
164. \uX 226 ft., -hiMftv .ft, 226, 

Han.Ni'er» 4* 

Ration 22 i; m-t. .o-.b, b', v 
parri.•!«*., m I,., u-re and - ftK 2,1. 
of vpaneft*-, pr-repmn ft,of .,4 
x it ai* Hi, 34; . f Arm 4'*, 4h 42, 
of H-ray-, 27. *:7 ; r* imen h’Tve* n 
ram* and v> !■* ity of era; % .**> 
Ourorarid Xuttali’-n Ute *ii, 

Ratine nf vpmub-.; »ihej of I- i, - 
Tudimd 'tn r.-M on. 2’i 

praetiwii vaee * •’ 2“ 

Ra\ rra»’k-r In I‘ft 32 25- 

" • '/. * o ' • . A • 

temp rat ur* ■ - : • - "‘6 

256*. 

Recoil, 69, 21 v 

Recoil o 1 * *:•;’* :. ■ 5 - ‘. 

Reivnl ray-: «■'* ; -C'’ ^ '3 

64R jr.*- • ft".. ’ ■ ft' 1 1*' n ‘"U 

69; U : :• "i b>, 6*4; 

photojirtpi.:-' i’t* eti n <*h 76; 
v> h« 2y « f, * ; 9. 

Rmn .!ur.i!.:it;;-n: fuotft'.-i ,'Ut eft 9; of 
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Reflection of /3-rays, 45, 46. 

Refractive index of solutions of iso¬ 
topes, 150. 

Relativity, 36, 111. 

Residual residues, 207, 212. 

Resistance of isotopes, 151. 

Resonance capture of neutrons, 76. 

Resonance levels in nuclei, 109, 110. 

Resonance phenomena, nuclear, 109 
110 . 

Rest mass of electron, 36. 

Reversal of pleochroic haloes, 270. 

Rhenium, discovery of, 160. 

Rheumatism, 259. 

Rivers: flow of water in, 172; radium 
content of, 275. 

Rocks: age of, 267; lead content of, 
169 ; potassium, radium, thorium, 
and uranium content of, 274. 

Rock salt, coloration of, 245, 248, 269. 

Rontgen (unit of dosage: medical), 58. 

Rubidium: 142, 235; radioactive pro¬ 
perties of, 235, 237; strontium 
from, 202, 237. 

Rydberg constant, 63, 92 

Samarium: 142,235,238, 272;discovery 
of, 284; isotopes of, 239; number 
of a-particles from, 238. 

Sapphires, coloration of, 248. 

Saturation current, 8 ff. 

Scattering: 28, 95,97 ; coefficient of, 31, 
47; measurement of, for /3-rays, 
45; multiple (or compound), 31, 
47; of /3-rays, 40 ; of y-radiation, 
53; plural, 32, 47; single (or 
simple), 31, 46. 

Scheelite, 244. 

Schrodinger’s i/r-function, 90. 

Schrodinger’s wave equation, 93. 

Scintillations: 17, 20, 30, 95, 243, 285; 
double, 235; duration of, 243; pro¬ 
duced by H-rays, 67; visual per¬ 
ception of, 30. 

Sea water, radium and thorium content 
of, 275. 

Secondary /3-rays: 57, 94; intensity of, 
60; produced by y-rays, 56, 59; 
velocity of, 61. 

Secondary rays: 59 ff.; nature of, 59 ; 
produced by a-rays, 66. 

Secular equilibrium, 140. 

Selenium, electrical resistance of, 249. 

Self-diffusion: 173; in molten lead, 173; 
in solid lead, 173. 

Separation of isotopes, 187 ff. 

Series spectra, theory of, 81, 87. 


Short exposure, 133, 136, 139. 
Short-lived radio-elements: e 
of, 161; chemical met 
preparation, 219. 
Showers, produced bv cosmic i 
28L 

Skin diseases, 259. 

Slow electrons, 48. 

Soft /3-rays, 38. 

Soil, radioactivity of, 275. 
Solarization, by a-rays, 241. 
Solubility: of bismuth and rad 
224; of radio-elements, 
Spas, radioactivity of, 275. 
Specific charge, of a - and /3-p 
Specific gravity of isotopes, : 
Spectral lines: 92 ; multiplici 
Spectra: of alkaline earth 
alkalis, 84, 87. 
Spectroscopy of X-rays: 

(historical), 286. 
Spectrum: continuous /3-raj 
tinuous X-ray, 50; enerjs 
tion in continuous /3-ray 
of continuous /3-ray, 40, 
Spermatozoa, act ion of radii 
259. 

Spin: (electron), 83; -quar 
her, 84. 

Spinel, 269. 

Spinthariscope, 243. 

Springs: radioactivity of, 
content of, 227, 275. 
Stability: of a-particle, 91 
80; of atomic nucleus, 
Stable atoms, 180 ft. 
Stationary orbits, 80. 
Statistical nature of di 
(historical), 285. 
Statistics, insurance, 127. 
Stokes’s law, 65. 

Stone meteorites, oxygen 

202 . 

Stopping power: 24; ave 
atom, 41; for a- and I: 
molecule, 24. 

Straggling, of a-rays, 34. 
Stratosphere, ionization in 
String electrometer, see E 
Strontium, from rubidiunr 
Structure of atom, see A 
ture. 

Structure of nucleus c 
Nucleus. 

Sub-groups, electron, 87. 
Sulphur, crystallization o 
258. 
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tun, radio-elements in, 276. 

Super-conductivity of isotopes (lead), 

131. 

Surface area of powders, measurement 
of, 173. 

JSyphilis, treatment by bismuth, 171. 

Tantalum: 207 ; use in preparation of 

protoaetininin, 212, 230. 

Tellurium hydride, 229. 

Terrkirv electrons, 01. 

TetrupLmyl-Iead, 172. 

Therapeutic effects of radium ravs, 
258 ff. 

iThermo-Iuminescence, 245. 

Thorianite: 200, 232, 273; helium in, 
207. 

Thorite, 151, 206. 

[Thorium: active deposit of, 29, 132, 
134, 137, 234; extraction of, 205, 
232; -haloes, 272; in rocks, 274; 
-lead, see TKD; minerals, 273; 
properties of, 232; retention in 
organism, 171; separation from 
radiothorium, 206; sources of, 
206, 232, 273; transformation 

series of, 144, 232. ; 

Thorium A, properties of, 135, 234. j 

iThorium B; as indicator, 170, 173, 175, j 
235; properties of, 235. 

Thorium C: as indicator, 175, 235; /?- 
spectrum of, 42; deposition on 
nickel, 134; line structure of a- rays 
from, 26, 99; long range A-partiehs* i 
from, 23, 235; preparation of pure, j 
134; properties of, 235. 

Thorium O', properties of, 146, 235. I 

Thorium C*: y -radiation from, 54, 99. 
100, 103, 233; levels of excitation * 
in nucleus of, 99; prej»arati< m of, 
2l9;rroprt:*sof, 235. 

Thorium iJ: 151. 264; proprrtm- of, 
235. 

Thorium X: 234; dt v.iy of, 146; pro¬ 
perties of, 234. 

Thoruti {thorium emamttk m 1 : 132, 1»«5; 
TU*e| m red ion of. 2 b*. 232 ;pr*jp-rti**- 

of. 234. 

’Thucolite, I,-spectrum of, 62, 

Tourmaline, 269. 

Tracks: of a. -part :r!e<. 67, 24*k of Iieam 
of y-ray>, 5o; . S 3-part 48; of 

positrons, 72. 

Trans ft irmat b »n «s-ri»->: 142 ff.; \ 't> i- 

Yu. t artihciully. i IT : ri*j:nar:ti- 

t .uhibriai:., 133, 14*6 
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Translational mass of electron, 36. 
Transmutation of elements: lost!., 
180; (historical), 288; tyjies of 

nuclear, It *8. 

Trans-uranium elements: 117 ; < hetori- 
cal), 289. 

Treibach, 211. 

Triplets in spectra. 84. 

Triterium ( 3 T), 111, 

Tube counter, sir Counter. 

Types of atoms, 2*«». 

Types of inactive element.*-, 1x2. 

Types of radio-elements, 152. 

Units of measurement in mdiuuctivit\, 

16. 

Uraninite (X. Carolina I, 264. 

Uranium: ^-activity of, 222; a mivd 
element, 2*16; -haloe>, 271 ; in 
jwrhxlu* classification, 155; m 
rocks, 274; isotojk*s of, 221 : K* 
radiation of, 65; dead, &*■« Ru(»; 
lead from, 262; minerals, 273; 
number of x-particle* enutt^i by , 
145; proj*.*rti+n» of, 221; mil us of 
nucleus of, 96; s*»imw of, 273; 
transformation series of, 143, 
221 ff .; weight of atom of, 13 h 
Uranium J; 145, 2**6, 221; atomic 
weight of, 150. 

Cranium II; 145, 2o6. 221. 

Cranium isotope, attempt* to s-jutr 
ate, 195. 

Uranium oxide, 222. 

Uranium pitchblende„■ 2**7. 27*1; *\- 
traetion of radium from, 2»*v 
Uranium X: Yrud intern fr»*n*. 127; 

pn*|»araTion of, 222 ; pr^le Mi. ? 

from uranium, 12*; ^-purtti-u 
and «!eva> 1 47 12Y 12*, w ■ f 

<it> -ii; * -f, 132. 

Cranium X : . anti i,. -jmt. o * t. 
144; pr* I'.car r it 1, 2 Y, 222,; 
pr»'i* rr.-- , P 222. 

Cranium X„ j r*pa n$t < ? 222 ’ : 1 

p rn— L 222, 

Cranium X \ par i. r ■ ■!' te-t- w t.t >' *** 

222;j'r..prt*-.o 222 
Cranium L 142, 1 44 ; jr p - 5 

rrainlVaTrea,■„ 222. 

Yal< n> y of rad:.- - biu n:*% hd 
Wuoidi no, 2**7. 

Yap f i£ati' V’ Y -a* lop*, 

IT*. 

YY v.tv . ■:* a* and 2-part., a 





